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PREFACE 
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Alabama, i n  response t o  t h e  c o n t r a c t  p rov i s ions  of  d e l i v e r a b l e  items 
a s s o c i a t e d  wi th  S t r u c t u r a l  Dynamics Payload Loads Estimates,  Contract  
Number UAS8-33556. 

The s tudy cook place during t h e  per iod from August 1979 t o  October 
1982 under t h e  d i r e c t i o n  of M r .  W. Holland of MSFC, Hun t sv i l l e ,  Alabama. 

During t h i s  t h r e e  y e a r  per iod t h e  following documents were produced: 

1. Methodology Assessment Report 
August 1980, MCR-80-553 

2. Methodology Development qeport  
August 1981 , MCR-81-602 

3. F i n a l  Report 
September 1982, MCR-82- 601 

4. User Guide 
September 1982, MCR-82- 602  

5 .  Monthly Progress  Reports 

The p resen t  F i n a l  Report t o g e t h e r  w i th  t h e  User Guide are intended t o  
be  l a r g e l y  se l f - con ta ined .  Chapter I d e a l s  w i th  an overview of  e x i s t i n g  
approaches t o  t h e  problem o f  loads c a l c u l a t i o n .  Chapter XI i n t roduces  a 
f u l l - s c a l e  v e r s i o n  of  an a l t e r n a t e  numerical  i n t e g r a t i o n  technique t o  
s o l v e  t h e  response p a r t  of a load cycle .  A set  of  short-cut  v e r s i o n s  of  
t h i s  a lgori thm is developed i n  Chapter 111. The implementation of t h e s e  
techniques i s  desc r ibed  i n  Chapter I V  which d e a l s  w i t h  t h e  so f tware  
package. 
sof tware can be found i n  t h e  User Guide MCR-82-602 . 
Chapter V t h e  r eade r  can f i n d  some t e n t a t i v e  conclusions and a few 
suggest ions of  a more gene ra l  nature .  
r a t h e r  ex tens ive  l i s t  of  r e fe rences .  

It should be  noted t h a t  a complete documentation of  t h e  
F i n a l l y ,  i n  

This r epor t  conclcdes w i t h  a 
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1 NTRODUCTION 

The des ign  and subsequent development o f  t oday ' s  aerospace s t r u c t u r e 8  
r e q u i r e  ex tens ive  a n a l y t i c a l  and experimental  s t u d i e s .  
i n v e s t i g a t i o n s  are necessary t o  ensu re  complete confidence i n  t h e  a b i l i t y  
of  t h e  t o t a l  system t o  perform i ts  requ i r ed  funct ions.  
s u f f i c i e n t  body o f  t e c h n i c a l  know-how h a s  been accumulated t o  allow f o r  
a n  adequate system a n a l y s i s  p r i o r  t o  launch. 
appearance of l a r g e r  and more s o p h i s t i c a t e d  space s t r u c t u r e s ,  many of  t h e  
a n a l y s i s  techniques are now being s t r e t c h e d  t o  t h e  l i m i t  of  t h e i r  
c a p a b i l i t i e s .  Indeed, t h e  problem a t  hand sometimes has  t o  be adapted i n  
o r d e r  t o  f i t  t h e  a n a l y s i s  technique.  
d e a l i n g  with l a r g e  space s t r u c t u r e s  and t h e i r  corresponding f i n i t e  
element models. 

These 

Over t h e  y e a r s  a 

However, w i th  t h e  

This i s  p a r t i c u l a r l y  ev iden t  when 

An importaqt p a r t  o f  a design e f f o r t  is t h e  p r e d i c t i o n  of  l oads  i n  
t h e  members of  t h e  s t r u c t u r a l  system. 
such items as modeling, modal r educ t ion ,  modal a n a l y s i s ,  load 
c a l c u l a t i o n s , r e s p o n s e  a n a l y s i s ,  e t c .  As mentioned above a load c y c l e  f o r  
a r e l a t i v e l y  small s t r u c t u r e  i s  f a i r l y  w e l l  s tandardized.  The f i r s t  s t e p  
c o n s i s t s  of c o n s t r u c t i n g  a d i s c r e t e  model f o r  t h e  s t r u c t u r e .  The a n a l y s t  
has  t o  worry about t h e  phenomena he wants t o  r e p r e s e n t ,  how he w i l l  model 
c e r t a i n  s t r u c t u r a l  e lements ,  whpt methods he should use ,  etc. 
s t r u c t u r e  is  small, it is s a f e  t o  say  tha t  a n  a c c u r a t e  s t r u c t u r a l  model 
can be der ived a t  reasonable  c o s t .  
c a l c u l a t i o n  o f  t h e  response of  t h e  s t r u c t u r e  t o  a given e x t e r n a l  f o r c e  
environment. Usually,  a modal a n a l y s i s  technique is used, y i e l d i n g  a set 
o f  decoupled modal equa t ions  which are e a s i l y  solved. Modes and 
f r equenc ie s  e s s e n t i a l l y  r ep reaen t  t h e  physic3 of t h e  s t r u c t u r e  and as 
such r e v e a l  much u s e f u l  information bes ides  t h e  response.  The last  s t e p  
i n  t h e  load c y c l e  i s  t h e  a c t u a l  c a l c u l a t i o n  o f  t h e  loads  us ing  :he f a c t  
t h a t  t h e  load v e c t o r  i s  t h e  product of  t h e  s t i f f n e s s  matrix ar 
displacement vec to r .  
t o  o b t a i n  t h e  displacement v e c t o r  and no acccuracy problems occur. 
a n a l y s t  f i n a l l y  sends t h e  maximum loads t o  t h e  stress eng inee r  who 
c a l c u l a t e s  stresses and s t r a i n s  and f i n d s  o u t  i f  c e r t a i n  s t r u c t u r a l  
members a r e  c o r r e c t l y  designed so t hey  can su rv ive  t h e  e x t e r n a l  f o r c e  
environment. When c o r r e c t i o n s  i n  t h e  des ign  are necessary they w i l l  
a f f e c t  t h e  o v e r a l l  response and t h e r e f o r e  ano the r  load c y c l e  i s  necessary.  

A complete load c y c l e  inc ludes  

I f  t h e  

The next s t e p  i n  a load c y c l e  i s  t h e  

t h e  
When t h e  s t r u c t u r e  i s  small, a l l  modes can  be used 

The 

The techniques used on small s t r u c t u r e s  are w e l l  e s t a b l i s h e d  and 
t e s t e d  on numerous real  l i f e  s t r u c t u r e s .  Large space s t r u c t u r e s  pose a 
new set  o f  problems p r imar i ly  r e l a t e d  t o  s i z e  and c o s t .  
w i th  payloads,  such as t h e  space t r a n s p o r t a t i o n  system a s i d e  from being 
l a r g e ,  have t h e i r  own p e c u l i a r  set o f  d i f f i c u l t i e s .  
u t i l i z e s  a rather small family of  launch v e h i c l e s  ( b o o s t e r s )  t o  support  a 
v a r i e d  spectrum of  s a t e l l i t e  end s p a c e c r a f t  (payloads)  programs. These 
launch v e h i c l e s  have been c a r e f u l l y  designed t o  accomodate a wide range 
of  payload conf igu ra t ions .  I n  g e n e r a l ,  t h e  payload i n t e r f a c e s  wi th  t h e  
launch v e h i c l e  a t  a l imi t ed  subse t  of cand ida te  s t r u c t u r a l  "hard" p o i n t s  
a t  t h e  payload launch v e h i c l e  s e p a r a t i o n  plane.  The S h u t t l e  O r b i t e r  is  
ttie la tes t  example and i s  unique i n  t h e  sense  t h a t  it is reusable .  The 
s h u t t l e  o r b i t e r / p a y l o a d ( s )  system t h e r e f o r e  is  not on ly  a l a r g e  space 
s t r u c t u r e  but p a r t  o f  i t .  namely t h e  o r b i t e r ,  is t h e  same s t r u c t u r e  i n  
every f l i g h t  conf igu ra t ion .  This makes t h e  s h u t t l e  a unique cha l l enge  
from t h e  s t r u c t u r a l  a n a l y s t ' s  point  of  view. 

Booster v e h i c l e s  

The United S t a t e s  



It i s  important t h a t  any cand ida te  payload be designed t o  wi ths t and  
t h e  load environment t r a n s m i t t e d  t o  t h e  payload from w i t h i n  t h e  sh i e lded  
payload compartment. Such environments commonly o r i g i n a t e  from a s t a t i c  
( s t eady  s t a t e )  v e h i c l e  a c c e l e r a t i o n ,  a t r a n s i e n t  or dvnamic event  such as 
rocket  motor i g n i t i o n ,  o r  an a c o u s t i c a l  environment. Very o f t e n ,  it is 
t h e  t r a n s i e n t  dynamic response behavior  qf  t h e  payload t h a t  c o n s t i t u t e s  
payload design load p r o f i l e s ;  hence, it is  important t h a t  p r o p e r  
a t t e n t  ion be given t o  t h e  payload t r a n s i e n t  response c h a r a c t e r i s t i c s  as 
in f luenc ing  major des ign  decis ionq.  As a n  example l e t  us cons ide r  t h e  
launching of  t h e  S h u t t l e  O r b i t e r  c a r r y i n g  a payload such as t h e  Space 
Telescope. Obviously, when t h e  rocket  engines  are i g n i t e d  t h e  S h u t t l e  
O r b i t e r  w i l l  experience r e a c t i o n  fo rces .  These f o r c e s  w i l l  be 
t r a n s m i t t e d  t o  t h e  Space Telescope i n  t h e  cargo bay through t h e  i n t e r f a c e  
( i . e . ,  through t h e  connect ion p o i n t s  between t h e  O r b i t e r  and t h e  Space 
Telescope).  The space t e l e s c o p e  t€.en, w i l l  undergo e l a s t i c  
displacements.  
withstand those  v i b r a t i o n s  without being criticall:- damaged. 
o f  t h i s  expensive t e l e s c o p e  does not want t o  f i n d  ou t  t h e  answer t o  t h i s  
ques t ion  by t r i a l  and e r r o r .  Therefore ,  an a n a l y s i s  is necessary.  This 
a n a l y s i s  c o n s t i t u t e s  t h e  load c y c l e  as previously descr ibed.  
fol lowing w e  wish t o  po in t  out  some o f  t h e  p a r t i c u l a r  problems t h a t  ar ise  
du r ing  a load c y c l e  conducted on a cpace s t r u c t u r e  such as  t h e  S h u t t l e  
Orb i t e r /Pay load( s )  /System. 

The ques t ion  i s ,  w i l l  t h e  space t e l e s c o p e  be a b l e  t o  
The owner 

In t h e  

The f i r s t  s t e p  i n  t h e  load c y c l e ,  i.e., t h e  modeling of t h e  s t r u c t u r e  
a l r e a d y  poses a few unique problems. 
development i n  t h e  area of modeling techniques should con t inue ,  t h e  
eng inee r  has a v a i l a b l e  t o  him an e x c e l l e n t  choice of appToaches. 
t h e  s t r u c t u r e  is  l a r g e ,  t h e  engineer  has  t o  t a k e  i n t o  c o n s i d e r a t i o n  t h e  
s i z e  of t h e  model. 
necessary t o o l s  t o  model t h e  s t r u c t u r e ?  but :  can w e  develop an adequate  
model of  reasonable  s i z e  and c o s t ?  
has  t o  look a t  t h e  p a r t i c u l a r  phenomena he wants t o  d e s c r i b e  and model 
accordingly.  
i s  o f t e n  r a d i c a l l y  d i f f e r e n t  from t h e  model developed by t h e  therm0 
dynamicist  or t h e  c o n t r o l  engineer .  
r eusab le ,  t h e  a n a l y s t  must f i n d  ways t o  incGrporate t h i s  e s t a b l i s h e d  
knowledge. 
becomes c r i t i c a l .  Reduction t echn iques  must be considered.  Is f i n i t e  
element modeling always reconunended? Often, modeling cannot be done 
i n d i s c r i m i n a t e l y  as not t o  r e s u l t  i n  ove r s i zed  models, n e c e s s i t a t i n g  
r educ t ions  of  one kind o r  another .  
not loose s i g h t  o f  t h e  e s s e n t i a l  phys i ca l  c h a r a c t e r i s t i c s  of  t h e  sygtem 
i n  view of  t h e  l a r g e  model. For example, is it  necessary t o  model 
c e r t a i n  elements with two hundred degrees  of  freedom when t h e  e s s e n t i a l  
s t r u c t u r a l  parameters only count f i v e ?  Is t h e r e  any b e n e f i t  i n  hybrid 
models, p a r t i a l l y  d i s c r e e t ,  p a r t i a l l y  cont inuous? 

Even though r e s e a r c h  and 

When 

The ques t ion  then  becomes not so much do w e  have t h e  

To answer t h i s  q u e s t i o n  t h e  eng inee r  

That i s  why t h e  model developed by t h e  s t r u c t u r a l  eng inee r  

Furthe,more,  i f  t h e  b o o s t e r  model i s  

Coordination between payload and boos te r  o r g a n i z a t i o n s  

The a n a l y s t  has  t o  make sure he does 

V 



The next i s s u e  i s  t h e  c a l c u l a t i o n  of  t h e  response.  Solving an eigen- 
va lue  problem f o r  t h e  ful l -up d i s c r e e t  model becomes v i r t u a l l y  impossible 
because of  t h e  enormous s i z e  of t h e  model. 
model r educ t ion  becomes i n e v i t a b l e .  
s e v e r a l  ways. 
reduct ion.  E r r o r  
ana lyses  are s c a r c e  and much eng inee r ing  judgement i s  necessary.  Another 
popular technique i s  modal s y n t h e s i s .  Many d i f f e r e n t  approaches and 
improvements of t h e s e  approaches are a v a i l a b l e  and w i l l  be d i scussed  i n  
more d e t a i l  i n  subsequent s e c t i o n s .  Again, no real e r r o r  a n a l y s i s  is 
a v a i l a b l e  and c a r e  m u s t  be taken not t o  loose v i t a l  information about t h e  
system. 

The important q u e s t i o n  of  
Reducing a a o d e l  can be done i n  

A widely used technique i s  s t a t i c  r educ t ion  o r  Guyan 
This technique has  t o  be adminis tered with g r e a t  care. 

Once t h e  modes and f r equenc ie s  of  t h e  s t r u c t u r e  are known, t h e  
response can be c a l c u l a t e d  f o r  s e v e r a l  f l i g h t  events .  Many a c c u r a t e  and 
c o s t  e f f e c t i v e  numerical i n t e g r a t i o n  techniques f o r  t h e  s o l u t i o n  of  a 
decoupled set  of  modal equa t ions  e x i s t  and have been used s u c c e s s f u l l y .  
Large space e t r u c t u r e s  should not present  any s p e c i a l  problem when t h e  
models can be reduced t o  accep tab le  s i z e s .  The Space S h u t t l e  however, 
poses a d i f f e r e n t  kind of chal lenge.  
s h u t t l e  makes it necessary t o  be a b l e  t o  d e l i v e r  many load p r o f i l e s  a t  
r e l a t i v e l y  s h o r t  time i n t e r v a l s .  The mul t i t ude  o f  e v e n t s ,  f l i g h t s  and 
payloads t o g e t h e r  w i t h  t h e  r e u s a b i l i t y  o f  c e r t a i n  models, f l i g h t  d a t a  and 
o t h e r  s h u t t l e  r e l a t e d  knowledge, seems t o  r e q u i r e  another  breed of  
response techniques,  indeed ano the r  qpproach t o  t h e  e n t i r e  load cyc le .  
Short-cut methods i n  t h e  load c y c l e  which t a k e  complete advantage of t h e  
s p e c i a l  na tu re  of t h e  s h u t t l e  problem should be developed. Much has  been 
done but many p o s s i b i l i t i e s  s t i l l  need t o  be looked a t .  
techniques,  response t echn iques ,  load c a l c u l a t i o n  t echn iques ,  e t c :  shouid 
be i n v e s t i g a t e d  i n  t h e  l i g h t  of  t h e  p a r t i c u l a r  needs of t h e  s h u t t l e .  The 
r e l a t i o n s h i p  and i n t e r f a c i n g  between payload des igne r  and payload 
i n t e g r a t o r  and boos te r  o rgan iza t ion  and many o t h e r  agenc ie s  and 
o rgan iza t ions  i s  a n  i n t e g r a l  p a r t  of t h i s  e f f o r t .  Poss ib ly ,  cookbook 
type approaches are necessary i n  o r d e r  t o  f a c i l i t a t e  t h e  t a s k  of  
p o t e n t i a l  payload c o n t r a c t o r s  o r  payload i n t e g r a t  ‘an o rgan iza t ions .  
seems appropr i a t e  t o  have short-cut  techniques h v a i l a b l e  i n  t h e  
prel iminary design phase of  a payload which a r e  developed f o r  s p e c i f i c  
circumstances aad l eave  t h e  payload des igne r  w i th  as much independence as 
poss ib l e .  
a n a l y s i s  t o o l s  be used. 

Indeed, t h e  r e u s a b i l i t y  of  t h e  

Reduction 

It 

Only du r ing  t h e  f i n a l  v e r i f i c a t i o n  c y c l e  should expensive 

One of  t h e  major o b j e c t i v e s  of  t h i s  r epor t  is  t o  provide t h e  r eade r  
with some i n s i g h t  i n t o  t h e  mul t i t ude  of problems and corresponding 
a t t empt s  a t  so lv ing  them which a r e  a v a i l a b l e  i n  t h e  l i terature .  The 
o t h e r  o b j e c t i v e  i s  t o  develop a short-cut  method i n  o r d e r  t o  numerical ly  
i n t e z r a t e  t h e  equa t ions  of  motion of t h e  booster /payload system. 
F i n a l l y ,  we * ‘ s h  t o  i n d i c a t e  a l s o  a few o t h e r  p o s s i b i l i t i e s  f o r  r e sea rch  
i n  t h i s  quic  j expandiag f i e l d  o f  payload i n t e g r a t i o n  techniques.  

v i  



F i n a l l y ,  t h e  a c t u a l  c a l c u l a t i o n  of t h e  loads  is  a l s o  a f f e c t e d  by t h e  
r educ t ion  o f  t h e  model. In  p a r t i c u l a r ,  when modal s y n t h e s i s  i s  employed, 
i t  i s  g e n e r a l l y  not p o s s i b l e  anymore t o  use tt ,e s t r a i g h t  forward approach 
where t h e  loads  a r e  given by t h e  product of s f - i f fnes s  and displacement.  
It was found t h a t  s i g n i f i c a n t  e r r o r  can r e s u l t  from such a displacement 
technique. 
introduced. It makes t h e  numerical problem more complicated but i t  
y i e l d s  a c c u r a t e  results.  

Therefore ,  t h e  so c a l l e d  a c c e l e r a t i o n  approach is  

vii 



CHAPTER I. OVERVIEW OF EXISTING 'TECHNIQUES 

A. FULL-SCALE TEC ... iIQUES - 

1. In t roduc t ion  

The o b j e c t i v e  of t h i s  c h a p t e r  is  t o  i d e n t i f y  and d i s c u s s  some of t h e  
most prominent techniques used i n  t h e  cour se  o f  a t y p i c a l  s t r u c t u r a l  load 
cycle .  This w i l l  acquaint  t h e  r eade r  w i t h  s ta te-of- the-ar t  methodologies 
and t h e  necessary background information i n  terms of a u n i f i e d  
nomenclature. Also, many of  t h e  f e a t u r e s  of  t h e s e  methods can be in- 
corporated.  i n t o  p o s s i b l e  short-cut  approaches. In  a d d i t i o n ,  t h i s  
chap te r  w i l l  g ive  u s  t h e  oppor tun i ty  t o  more c l e a r l y  i d e n t i f y  t h e  
requirements of an accep tab le  short-cut  methodology i n  connect i o n  wi th  
t h e  STS (Space Transpor t a t ion  System). 

Any s t r u c t u r a l  a n a l y s i s  s t a r t s  with t h e  d e r i v a t i o n  o f  t h e  equa t ion ro f  
In  t h e  next  s e c t i o n  we s h a l l  d e r i v e  a set motion f o r  t h e  system a t  hand. 

of coupled d i f f e r e n t i a l  equa t ions  d e s c r i b i n g  t h e  motion of  a 
booster /payload system. 

2. The Equations of Motion i n  t h e  D i s c r e t e  T i m e  Domain 

The o b j e c t i v e  of  t h i s  s e c t i o n  i s  t h e  d e r i v a t i o n  o f  t h e  equa t ions  of 
motion . t h e  booster /payload sys tem.  This set of equa t ions  subsequent ly  
must  be solved i n  o r d e r  t o  gene ra t e  displacement h i s t o r i e s  which a r e  
needed f o r  load c a l c u l a t i o n s .  

Figure 1 shows t h e  f r e e  body diagrams of  t h e  boos te r  B and t h e  
pa;-load P. 
thrqugh t h e  i n t e r f a c e .  Phys ica l ly ,  t h e  i n t e r f a c e  is t h e  c o l l e c t i o n  of  
s t r u c l ' u r a l  "hard" p o i n t s  which t h e  boos te r  and thP payload have i n  
c o m x ~ .  Mathematically,  t h i s  means t t i t  t h e  gene ra l i zed  i n t e r f a c e  

displacement v e c t o r  { x: }on t h e  boos te r  s i d e  of  t h e  i n t e r f a c e  must be 

equal  t o  i t s  equivalent  { xf an t h e  rayload s ide .  Hence: 

The boos te r  and t h e  payload a r e  connected t o  each o t h e r  

{ x: } = { x; } f o r  a l l  t imes t - (1 )  

1 
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S i m i l a r l y ,  t h e  gene ra l i zed  r e a c t i o n  v e c t o r s  {R:} and {It:} a t  t h e  
i n t e r f a c e  s a t i s f y ,  

for  - a l l  times t ( 2 )  

From t h e  f r e e  body diagrams i n  Figure 1 w e  can e a s i l y  write t h e  
equat ions of  motion f o r  t h e  boos te r  B and t h e  payload P as,  

where {a! r e p r e s e n t s  t h e  gene ra l i zed  displacement v e c t o r  of t h e  
boos te r  
s t i f f n e s s  ma t r i ces  of  t h e  boos te r  B ,  r e s p e c t i v e l y .  F i n a l l y ,  t h e  v e c t o r  
(FB} re r e s e n t s  t h e  e x t e r n a l l y  app l i ed  f o r c e s  on t h e  boos te r  B and t h e  
v e c t o r  fRB}denotes t h e  r e a c t i o n  of payload P on t h e  boos te r  B. S imi l a r  
q u a n t i t i e s  f o r  t h e  payload are def ined.  

Furthermore, t h e  ma t r i ces  [MB] and [KB] a r e  t h e  mass and 

Note t h a t  t h e  t o p  p a r t i t i o n  i n  equa t ion  ( 3 )  corresponding t o  t h e  
boos te r  B, i s  s t i l l  completely uncoupled from t h e  bottom p a r t i t i o n  
corresponding t o  t h e  payload. I n  o r d e r  t o  d e r i v e  t h e  equa t ions  of mo:' 
f o r  t h e  coupled booster /payload s 

convenient and phys ica l ly  meaning u l  way t o  accomplish t h i s  e l imina t  im. 
To t h i s  end, let  us  f i r s t  introduce t h e  i n t e r f a c e l n o n - i n t e r f a c e  
D a r t i t i o n i n g .  Indeed, [MBI, [KBI, {FBI and ( R B I '  n be 
p a r t i t i o n e d  according t o  i n t e r f a c e  and non-Interface degrees  of freedom, 
a s  follows: 

stem, we  need t o  e l i m i n a t e  t h e  a p r i c  
unknown r e a c t i o n  v e c t o r s  (RB}and R p I a  We s h a l l  now e s t a b l i s h  a 

-c/ FIB ' 
(4) 
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Again, similar q u a n t i t i e s  can be w r i t t e n  f o r  B. 
fl s t ands  for Non-interface end I f o r  I n t e r f a c e .  
non-interface-react i ons  w e  can write:  

Note t h a t  t h e  s u b s c r i p t  
Because t h e r e  are no 

s u b s t i t u t i n g  equa t ions  ( 4 ) ,  ( 5 )  and ( 6 )  i n t o  equa t ion  ( 3 )  y i e l d s  

+ 

--I--;-- 7-- 
10 1 0 I I Kp IN 'Kp 11, 

4 

Both equa t ions  ( 3 )  and ( 7 )  r ep resen t  t h e  uncoupled equa t ions  cf motion of 
t h e  undamped booeter  B and t h e  undamped payload P. 

Next , l e t  u s  so lve  t h e  t h i r d  p a r t i t i o n  of  equa t ion  ( 7 )  f a r  t h e  
non-interface displacement vec to r  (<}of t h e  payload P. 
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It 18 now noted t h a t  t h e  non-Interface displacement  vector{&conri8tr  
of two pa r t e .  
ue arrumc t h a t  t h e  I n t e r f a c e  dlaplacements  are zero 1.e. {x$ i  * 103 . 
I n  that caec It fo l lows  from Eq. ' 8 )  that t h e  second term on t h e  
right-hand s i d e  can be I n t e r p r e t e d  as the  non-Interface dirplacement  of 
t e payload wi th  respec t  t o  t h e  I n t e r f a c e .  

Eq. (8) represents  bhe non-Interface displacement  of t h e  payload due t o  
t h e  dieplacement {XI) of t h e  l n t e r C a c e  only.  Therefore ,  Eq. (8) c a n  be 
w r i t t e n  as ! 

To underetand t h e  phys ica l  meaning of there tvo tenus l e t  

Ut us denote  t h i s  term by 
{&. It Is then  clear t h a t  t h e  f i r s t  terra on the right-hand ride of 

with 

[SP] = - [SI1 

It should be c l e a r l y  ui,derstood 
displacement vec tor  of t h e  payload wi th  
wi th  respec t  t o  t h e  i n t e r f a c e  ( i . e . ,  as seen  by a n  obse rve r  moving wi th  
thei n t e r f  a c e r  

that is no t  t h e  non-1ntet;ar.e 
t o  a f ixed  I n t e r f a c e  Lot 

Equations ( l ) ,  (9) and (10) can now be used t o  cone t ruc t  t h e  
fol lowing t ransf  ormat ion : 

NP 

1P 

P 
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Note t h a t  we ind ica t ed  t h e  row and column s i z e s  of  t h e  mat r ix  p a r t i t i o n s  
i n  t h e  above equat ion .  NP = 
t h e  number of payload non-interface dofs .  I P  = I B  = number o f  i n t e r f a c e  
dofs.  

NB = number o f  boos t e r  non-interface do f s .  

Transformation (11) w i l l  e l i m i n a t e  t h e  redundant set o f  i n t e r f a c e  
displacements{XP] i n  Equation ( 7 )  and i n  t h e  process  w i l l  a l s o  e l i m i n a t e  
t h e  unknown rea& ions . F i r s t ,  l e t  us in t roduce  a more 
convenient not a t  ion : 

rvB 

ZB 
A 

with  B = NB + IB, P f NP + I P  and, 

With t h i s  no ta t ion  w e  now s u b s t i t u t e  t h e  t ransformat ion  (11) i n t c  
equat ion  ( 7 )  and premult iply by AT (T = t ranspose) .  
fol lowiFg r e s u l t  : 

This y i e l d s  t h e  

I. {,I+ {;-} 
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where 

We a l s o  used equa t ions  (2 )  and (4). 

A t  t h i s  point  a few remarks a r e  i n  order .  F i r s t  w e  s h a l l  show rh.at 
m a t r i x  product [TpIT [Kp] [Ip]  i s  always zero.  
( 5 )  and (13) w e  have: 

From equa t i cns  

S u b s t i t u t i n g  t h e  expres s ion  (10) f o r  [Sp] i n t o  t h e  lower h a l f  o f  
t h e  r i g h t  hand s i d e  o f  equa t ion  (16) y i e l d s :  

because 

LK;N] [<I]T ([SI is 'metric 
Secondly, t h e  t r i p l e  ma t r ix  product 

w i l l  be ze ro  f o r  a S t a t i c a l l y  determinate  i n t e r '  :e. The i n t e r f a c e  i s  
c a l l e d  s ta t ica l ly  de te rmina te  when the numbet uf i n t e r f a c e  deg rees  of 
freedom i s  equa l  t o  t h e  number of r i g i d  bc.?-.- degrees  of freedom of t h e  
s t r u c t u r e  a t  hand. Otherwise,  t h e  inter2s;e is  c a l l e d  s t a t i c a l l y  
indeterminate .  To show t h a t  [KIN]  [Sp]  + [ K I I ]  i n  Equation (17) is  
ze ro  f o r  a s t a t i c a l l y  determinate  i -xe r face ,  let u s  f i r s t  s ta te  t h a t  t h e  
numerical  va lues  of t h e  elemente c f  t h i s  ma t r ix  a r e  independent of  t h e  
dynamical a t a t e  of  t h e  s t r u c t u r e .  More s p e c i f i c a l l y ,  w e  could c o n s t r a i n  
t h e  boos te r  and cons ide r  a c a s e  of s ta t ic  equ i l ib r ium f o r  t h e  system 
under t h e  a c t i o n  of a f o r c e  {F!) and a l l  o t h e r  a p p l i e d  f o r c e s  e q u a l  t o  
zero.  As f a r  as t h e  s t i f f n e s s  matr ix  [Kp] Ls concerned, t h e r e  w i l l  be 
n3 change. Therefore without l o s s  of g e n e r a l i t y  w? cons ide r  t h e  
equ i l ib r ium equat ion of P under t h e  a c t i o n  of t R 3  

7 



o r  us ing  t h e  p a r t i t i o n e d  form of [ K p i ,  we can write 

From equat ion  ( 2 9 )  w e  can -1ve f o r  \ x i  1 : 

uhere we used equat ion  (10).  
(20) y i e l d s :  

S u b s t i t u t i n g  equat ion  (21)  i n t o  equat ion  

A t  t h i s  point  we should n o t e  t h a t  when t h e  i n t e r f a c e  i s  s t a t i c a l l y  
de te rmina te  no stresses can be s e t  up i n  P by t h e  i n t e r f a c e  
displacements { x u  . 
a a t r i x  [ + I  becomes a r i g i d  body t r ans fo rma t ion ,  t ransforming  t h e  
i n t e r f a c e  displacements i n t o  equ iva len t  r i g i d  body displacements of t h e  
non- in te r face  degrees of freedom of P. Because, i n  a d d i t i o n  we a s s u  d 
t h a t  no o t h e r  f o r c e s  are a c t i n g  on P, it is c l e a r  t h a t  I R T )  is ze ro  i n  
Equacion (251, from which it follows t h a t  

Indeed, f o r  a s t a t i c a l l y  de te rmina te  i n t e r f a c e  t h e  

This completes t h e  proof.  

F i n a l l y ,  we no te  t h a t  i n  most a p p l i c a t i o n s  of i n t e r e s t  t o  t h i s  
c o n t r a c t ,  t h e  e x t e r n a l l y  app l i ed  fo rces  {FEf  , { Ff) , and {Fa] are 
nonexis ten t .  For example, STS payloads w i l l  be enclosed i n  t h e  cargo bay 
and w i l l  not be exposed t o  e x t e r n a l  fo rces .  Therefore w e  write 
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a l s o ,  

{%}= 1-j X (27 )  

r e p r e s e n t s  t e gene ra l i zed  displacement v e c t o r  of  t h e  f r e e  b o o s t e r  B. 

t h e  vec to r  kd) r e p r e s e n t s  t h e  non-interface displacements  o f  t h e  payload 
P with r e spec t  t o  t h e  i n t e r f a c e .  
r ep resen t  t h e  mass ma t r i ces  of t h e  b o o s t e r  and t h e  payload r e s p e c t i v e l y  
and [KB] and [Kp] represent  t h e  s t i f f n e s s  ma t r i ces .  
[Tp]  i s  a s o n s t r a i c t  modal ma t r ix ,  c h a r a c t e r i s t i c  f o r  t h e  payload P. 

3 [ x ~ )  con ta ins  a l l  non-interface displacements of t h e  boos te r  
r e p r e s e n t s  t h e  i n t e r f a c e  degrees  of freedom. Furthermore, 

The m a t r i c e s  [MB] and IMP] 

The ma t r ix  

In  case of a s t a t i c a l l y  determin e i n t e r f a c e  [Tp] r e p r e s e n t s  a r i g i d  
body t ransformation.  F i n a l l y ,  1 i s  t h e  e x t e r n a l l y  app l i ed  f o r c e  
v e c t o r  a c t i n g  on t h e  boos te r  B. 
!TpIT [Kp] [Tp] c o n t r i b u t e  only t o  t h e  i n t e r f a c e  degrees  of  
freedom as can be seen from Equation (17) and from 

The matrices [TplT [Mp] [Tp] and 

T TI matrix [T 1 [M 1 [Tp] e s s e n t i a l l y  r e p r e s e n t s  t h e  payload P P 
T mass reduced down t o  t h e  i n t e r f a c e .  S i m i l a r l y  ITp] [K 1 [ T p ]  P 
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r e p r e s e n t s  t h e  payload s t i f f n e s s  reduced down t o  t h e  i n t e r f a c e .  W,te 
t h a t  when t h e  i n t e r f a c e  is  s t a t i c a l l y  determinate  no s t i f f n e s s  i s  
t r a n s f e r r e d  (Equation (23)). When t h e  i n t e r f a c e  i s  s t a t i c a l l y  
indeterminate  t h e r e  are what is commonly c a l l e d  "cons t r a in t  modes" 
i.e., t h e  i n t e r f a c e  displacements  C x:) not on ly  induce r i g i d  body 
displacements  i n  t h e  pa load but a l s o  e l a s t i c  deformations.  
t h e  t r i p l e  product [Tpjf [Kp] [Tp] t o  be d i f f e r e n t  from zero.  

, 

This causes  

I t  should a l so  be noted t h a t  damping is not included i n  Equation 
( 2 5 ) .  
F i n a l l y ,  t h e  ma t r i ces  [MB], [KB], [Hp] and [Kpl must  be 
cons t ruc t ed  by t h e  appropr i a t e  o rgan iza t ions .  
organizat. ion w i l l  u sua l ly  be d i f f e r e n t  c o n t r a c t o r s .  I f  i n  a d d i t i o n  t h e  
i n t e g r a t o r  i s  another  o rgan iza t ion  it is c lear  t h a t  t h e r e  is an 
i n t e r f a c i n g  problem. 
t h e  t r a n s f e r  of  information between t h c s e  t h r e e  o r g a n i z a t i o n s  optimal.  
Unfortunately,  t h i s  coord ina t ion  i s  very d i f f i c u l t  t o  e s t a b l i s h  r e s u l t i n g  
i n  cons ide rab le  time delays.  Moreover, t h e s e  c o s t s  and de lays  repeat  
themselves f o r  every load c y c l e  ( i . e . ,  every time a change i s  made i n  t h e  
boos te r  or payload).  A t y p i c a l  example i s  t h e  development of  t h e  Viking 
O r b i t e r  System . Upward of  n ine  o r g a n i z a t i o n s  were re spons ib l e  f o r  
hardware o r  i n t e g r d i o n  func t ions  which d i r e c t l y  a f f e c t e d  t h e  e v a l u a t i o n  
o f  dynamic t r a n s i e n t  loads.  The number o f  i n t e r f a c e s  between those  
o r g a n i z a t i o n s  r e s u l t e d  i n  d i f f i c u l t i e s  i n  a r r ang ing  f o r  t h e  necessary 
ana lyses  a t  each o r g a n i z a t i o n ,  i n  o b t a i n i n g  t h e  necessary d a t a ,  i n  
e s t a b l i s h i n g  p r i o r i t i e s ,  i n  e s t a b l i s h i n g  output  requirements and i n  
c o r r e c t l y  t r a n s f e r r i n g  d a t a  between o rgan iza t ions .  
one load cyc le  ranged. from t h r e e  t o  twelve months which depended on t h e  
number of  e v e n t s ,  fo rc ing  func t ions  p e r  e v e n t ,  and complex i t i e s  of  t h e  
a n a l y s i s .  Of cou r se ,  i f  t h e  boos te r  a l r eady  has i t s  f i n a l  des ign ,  many 
of  t h e s e  problems can be avoided. T h e o r e t i c a l l y ,  on ly  one t r a n s f e r  of 
boos t e r  d a t a  t o  t h e  payload o rgan iza t ion  would be necessary.  
concludes t h i s  s e c t i o n  on t h e  equa t ions  o f  motion of  t h e  booster /payload 
system i n  t h e  d i s c r e t e  t i m e  domain. This is  a necessary first s t e p  i n  
any load cycle .  

However, modal damping can always be taken i n t o  account l a t e r .  

The boos te r  and payload 

A f a i r  amount of  coord ina t ion  is  necessary t o  make 

The time d u r a t i o n  f o r  

This 



3. The So lu t ion  of t h e  Equations of Motion 

a. The d i s c r e t e  time domain 

As s t a t e d  i n  t h e  In t roduc t ion ,  t h e  o b j e c t i v e  of t h i s  s t u d y  is t o  
determine des ign  loads f o r  t h e  payload s t r u c t u r e .  
t h e n  used t o  c a l c u l a t e  stresses and s t r a i n s  t h a t  would e x i s t  i n  t h e  
s t r u c t u r a l  elements t h a t  make up t h e  payload. 
a l low t h e  des igne r  t o  determine t h e  c o r r e c t  phys i ca l  and geometric 
p r o p e r t i e s  of  t h e  elements (mass, s t i f f n e s s ,  l e n g t h s ,  c r o s s  s e c t i o n s ,  
etc.) so t h a t  t h e  s t r u c t u r e  does not f a i l  when sub jec t ed  t o  t h e  e x t e r n a l  

f o r c e s  { F: 1. An element loads equa t ion  i s  w r i t t e n  as 

These des ign  loads  are 

The stresses and s t r a i n s  

a' P 
i n  which tLe! is  t h e  load v e c t o r  of  an i n d i v i d u a l  element e o f  t h e  
payload P,  [k,] is  t h e  s t i f f n e s s  ma t r ix  of t h e  element,  and [T,] is  
t h e  geometric c o m p a t i b i l i t y  t ransformation.  The v e c t o r  i x p i  i s  t h e  
t i m e  dependent displacement v e c t o r  o f  t h e  pay$oad s a t i s f y i n g  Equation 
( 2 5 ) .  
t o  s o l v e  Equation ( 2 5 ) .  

Consequently, i n  o r d e r  t o  determine ice\ i n  Equation ( 2 9 )  we need 

The most s t r a igh t fo rward  approach t o  determine [xp)  i s  t o  s o l v e  
Equation (25 )  as a set  of simultaneous second o r d e r  d i f f e r e n t i a l  
equat ions.  
handle such problems (Runge-Kutta, Hewmark-Chan-Beta Numerical 
I n t e g r a t i o n ,  e t c . ) .  This d i r e c t  approach has  t h e  advantage of s i m p l i c i t y  
and accuracy. 
due t o  t h e  l a r g e  number of  degrees  o f  freedom used t o  d e s c r i b e  today 's  
aerospace models. 
ask t h e  quest ion i f  such l a r g e  models are r e a l l y  necessary.  I n  any case, 
un le s s  a d r a s t i c  r educ t ion  o f  t h e  model is  p o s s i b l e ,  t h i s  d i r e c t  
i n t e g r a t i o n  approach is not favored. In a d d i t i o n ,  t h i s  approach does not 
y i e l d  much q u a l i t a t i v e  information about t h e  system. As w i l l  be 
explained below a modal approach r e v e a l s  more q u a l i t a t i v e  informat ion. 

Them are s e v e r a l  w e l l  e s t a b l i s h e d  response r o u t i n e s  t h a t  

However, t h e  main drawback is  t h e  high computational c o s t  

In  t h i s  connect ion,  as a counter  argument, one could 

b. Modal Analysis 

I n  t h i s  s e c t i o n  we s h a l l  d i s c u s s  a technique commonly known as modal 
a n a l y s i s .  This approach w i l l  l e ad  u s  t o  an a l t e r n a t e  s o l u t i o n  method f o r  
Equation ( 2 5 )  and we s h a l l  show t h a t  i t  has  some d e f i n i t e  advan ta t e s  ove r  
t h e  d i r e c t  s o l u t i o n  of  t h e  set  of d i f f e r e n t i a l  equa t ions  ( 2 5 )  as 
discussed i n  Sec t ion  3a. 

We s ta r t  t h e  process with t h e  homogeneous s e t  of equat ions e x t r a c t e d  
from t h e  t o p  row of  Equation ( 3 ) .  

1 1  



Associated with t h i s  equa t ion  is an eigenvalue problem, 

where t h e  v e c t o r (  $R) r e p r e s e n t s  an e igenvec to r  (mode shape)  a n d u g  a n  
eigenvalue ( n a t u r a l  requency). The s o l u t i o n  o f  t h i s  e igenvalue problem 
e s s e n t i a l l y  produces a l i n e a r  t r ans fo rma t ion  m a t r i x  [q3] (modal 
t r a w f o r m a t i o n  ma t r ix )  i n  which each column r e p r e s e n t s  a mode shape of 
t h e  b o o s t e r  B. The main p rope r ty  of t h i s  modal t r ans fo rma t ion  is  t h a t  i n  
t h e  new normal coord ina te  s y s t e m  {q,3)  , t h e  equa t ions  o f  motion (30) 
become uncoupled, i .e.,  i f  w e  apply t h e  t r ans fo rma t ion ,  

t o  Equation (301, and premult iply by [&B]~ we o b t a i n  

where t h e  c o e f f i c i e n t  ma t r i ces  o f  1 and {CjAlare now d iagona l ,  13 

where [+B] was normalized wi th  r e s p e c t  t o  [ M B ] .  
t hen  be w r i t t e n  as 

Equation (33) can 

(32) 

(33)  

The obvious advantage of applying t h e  modal t r ans fo rma t ion  Equation 
(32) i s  t h a t  Equation (35) now r e p r e s e n t s  a set of decoupled independent 
second o r d e r  d i f f e r e n t i a l  equa t ions  t h a t  are easi ly  solved.  
pay however, i s  t h e  c o s t  of  t h e  s o l u t i o n  of  e igenvalue problem (31).  
There are many well e s t a b l i s h e d  eigenvalue problem "solvers"  a v a i l a b l e  
( Jacob i ,  Rayleigh-Ritz, e t c . )  . 

The p r i c e  t o  

The next s t e p  i s  t o  cons ide r  t h e  homogenous equa t ion ,  

.,-.,,, . ORic;,;.:. .I.. I . , _  ._. ' ..$ 

OF POOR QUALITY 
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Note t h a t ,  

So t h a t  Equation ( 3 6 )  becomes 

I n  t h e  same way as w e  d i d  f o r  Equation (30) we can in t roduce  a modal 
t ransformat  ion ,  

with 

where we  w r o t e r i i i  i n s t ead  of t o  s i m p l i f y  t h e  no ta t ion .  The modal 

matr ix  $N 

and[<r!s t h e  n a t u r a l  f requencies  squared of t h e  c a n t i l e v e r e d  payload 

( i . e . ,  f i xed  i n t e r f a c e )  on i t s  diagonal .  

has  as columns t h e  "cant i levered" mode shapes of t h e  payload P 

Using Equations (39-401, we can 

w r i t e  Equation (38 )  as 

Let u s  now apply t h e  fol lowing t r ans fo rma t ion  t o  Equation (251,  
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and premult iply by 
(34) & (41) we  o b t a i n ,  

. Taking i n t o  account Equations 

A t  t h i s  point  ano the r  e igenvalue problem could be solved f o r  t h e  
coupled system represented by Equation (43).  This would f i n a l l y  lead t o  
a set o f  decoupled equa t ions  f o r  t h e  system. In f a c t ,  one could s o l v e  
j u s t  one system eigenvalue problem f o r  t h e  homogeneous equa t ion  given by 
t h e  homogeneous p a r t  o f  Equation ( 2 5 ) .  
not y i e l d  much advantage ove r  a d i r e c t  s o l u t i o n .  For one, t h e  s o l u t i o n  

Numerically t h i s  approach does 

of  a l a r g e  eigenvalue problem i s  very e x p m s i v e  and e s s e n t i a l l y  i n c r e a s e s  
with t h e  cube of  t h e  dimension. 
uncoupling t h e  system equa t ions ,  which al lows u s  t o  i n v e s t i g a t e  s e v e r a l  
load cases  with l i t t l e  added c o s t  ( i f  t h e  s t r u c t u r e  and i t s  c o n s t r a i n t s  
do not change). 
c h a r a c t e r i s t i c s .  A f t e r  a l l ,  modes and frequencies  e s s e n t i a l l y  embody a l l  
physical  information. 
present  i n  t h e  use of  nodes and frequencies .  It can reduce t h e  number of  
modal equa t ions  t o  be solved. This i s  why equat ion (43)  w a s  de r ived  i n  a 
stepwise fashion.  

The modal approach has  t h e  advantage of 

It a l s o  has  t h e  advantage of r e v e a l i n g  phys ica l  

But t h e i r  i s  p o t e n t i a l l y  a much g r e a t e r  advantag2 

c. Modal Syn thes i s  Techniques 

From what w e  have seen so f a r  we can conclude t h a t  f o r  small  systems 
we have t h e  necessary techniques t o  model t h e  s t r u c t u r e  and subsequent ly  
f i n d  t h e  response.  The response can be found by d i r e c t  i n t e g r a t i o n  of 
t h e  d i s c r e t e  equa t ions  of motion o r  by f i r s t  s o l v i n g  an eigenvalue 
problem. However, when t h e  s t ruc tu re  becomes l a r g e  and t h e  model has  a 
very l a r g e  number of degrees  of  freedom t h e r e  i s  a problem. 
numerical  i n t e g r a t i o n  o r  s o l v i n g  a l a r g e  system eigenvalue problem 
becomes p r o h i b i t i v e .  Therefore ,  remedies have t o  be found. In s e c t i o n  
3b we a l r eady  layed t h e  groundwork f o r  a r educ t ion  technique c a l l e d  
"modal synthesis" .  
and t h e  c a n t i l e v e r e d  modes of t h e  payload(s1. These mode groups are then  
II synthesized" so a s  t o  y i e l d  t h e  f i n a l  coupled set  o f  equa t ions  (43) .  As 
pointed o u t ,  t h i s  procedure by i t s e l f  does not redace t h e  s i z e  of t h e  
problem and a c t u a l l y  r e q u i r e s  t h e  c o s t l y  s o l u t i o n  of s e v e r a l  e igenvalue 
problems. However, i n  most p r a c t i c a l  a p p l i c a t i o m  t h e r e  is  a p o s s i b i l i t y  
of d e f i n i n g  a so-called "cut-off frequency". 
series expansion of t h e  fo rce  v e c t o r  {FR)shows t h a t  t h e  energy con ten t  
o f  t h e  high trequency components i s  smarl  compared t o  t h e  energy 
contained :-I L h e  low freq:iency componenta. P r a c t i c a l l y ,  t h i s  means t h a t  
t h e  resporrJe of t h e  s t r u c t u r e  due  t o  t h e  high frequency con ten t  of 
can o f t e n  be neglected.  In t h i s  connection it  should be noted t h a t  it is  

Di rec t  

Indeed w e  introduced t h e  f r e e  modes of  t h e  b o o s t e r  

In  t h e s e  cases a F o v r i e r  
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r e l a t i v e l y  d i f f i c u l t  t o  e x c i t e  t h e  h ighe r  modes of t h e  s t r u c t u r e  t o  any 
l a r g e  e x t e n t ,  e s p e c i a l l y  when \F,,i only con ta ins  a few elements  (i.e.,  
only a few a p p l i c a t i o n  p o i n t s ) .  The idea  then  is  t o  f i r s t  t r u n c a t e  t h e  
boos te r  modes and payload modes i n  Equations (32) and (39) according t o  
t h a t  "cut-of f frequency". No thorough i n v e s t i g a t i o n  h a s  been publ ished 
concerning t h e  approximation involved i n  such a mode t r u n c a t i o n .  It is 
l a r g e l y  a "p rac t i ca l "  matter s u p p o r t e d  by some t h e o r e t i c a l  
cons ide ra t ions  and t h e  f a c t  t h a t  it works. Truncation of t h e  modes on 
t h e  s u b s t r u c t u r e  l e v e l  reduces t h e  s i z e  of  t h e  aigenvalue problem r e l a t e d  
t o  Equation ( 4 3 ) .  Once t h i s  reduced eigenvalue problem is solved ano the r  
t r u n c a t i o n  i s  p o s s i b l e ,  t h i s  time on t h e  system l e v e l .  
c l e a r  let u s  write equa t ion  ( 4 3 )  as follows: 

To make t h i s  

with 

--P 
where we should stress t h a t  [ ~ B I  and 
t h a t  t h e  s i z e  of [MI and [K] is s i g n i f i c a n t l y  reduced. Now, we s o l v e  t h e  
eigenvalue problem a s s o c i a t e d  wi th  t h e  fol lowing homogeneous equat ion:  

are a l r e a d y  t r u n c a t e d  so 



and 

+ (49) 

where we  introduced t h e  customary modal damping. 
modes [w again according t o  t h e  p re sen t  cut-off  frequency. 
set o f  u x o u p l e d  Equations (49) i s  now solved with a numerical  i n t e g r a t o r  
such as a Runge-Kutta method. 

We a l s o  t r u n c a t e d  t h e  
The f i n a l  

Note t h a t  t h e r e  are s e v e r a l  s y n t h e s i s  techniques a v a i l a b l e ,  t h e  
purpose always being t h e  r educ t ion  of  t h e  sys t em s i z e .  
l a r g e  s t r u c t u r a l  systems and t h e i r  corresponding l a r g e  mathematical 
models, r educ t ion  methods become very important.  Ways t o  reduce systems 
a r e :  modal a n a l y s i s ,  Guyan r educ t ion ,  component mode s y n t h e s i s ,  e t c .  

When working wi th  

The component mode s y n t h e s i s  approach as desc r ibed  i n  Sec t ion  3c i s  
approximate i n  na tu re .  
t h e  accuracy, two  o f  which we  s h a l l  now d i scuss .  

Seve ra l  techniques are a v a i l o b l e  t o  imkrove an 

d. The Residual Mass and S t i f f n e s s  Method 

As explained i n  Sec t ion  3c i n  many cases i t  i s  p o s s i b l e  t o  d e f i n e  a 
cut-off frequency which enab le s  u s  t o  t r u n c a t e  t h e  h ighe r  modes i n  
Equations (321, ( 3 9 )  and ( 4 9 )  t he reby  reducing t h e  s i z e  of t h i s  
equation. 
l o s t  due t o  t h e  t r u n c a t i o n  of t h e s e  h ighe r  modes. 
i s  e s p e c ; s l l y  apparent a t  t h e  i n t e r f a c e .  The r e s i d u a l  mass and s t i f f n e s s  
method, i n s t ead  of  omi t t i ng  t h e s e  high modes w i l l  r e p l a c e  them wi th  a set 
of " r e s idua l  modes". The computation of  t h e s e  r e s i d u a l  modes does not  
r e q u i r e  any knowledge o f  t h e  payload so t h a t  they r ep resen t  a one-time 
computation e f f o r t  not t o  be repeated as long a s  t h e  boos te r  stays t h e  
same. 
(32); 

Obviously, some accuracy i n  t h e  response of  t h e  s t r u c t u r e  is 
This l o s s  of  accuracy 

In  o rde r  t o  determine t h e  r e s i d u a l  modes l e t  us  cons ide r  Equation 

which r e p r e s e n t s  t h e  modal t r ans fo rma t ion  f o r  t h e  boos te r  B .  
cut-off frequency was determined we can p a r t i t i o n  Equation ( 5 0 )  as 
follows : 

Assuming a 
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L 
where r e p r e s e n t s  t h e  modes with f r equenc ie s  less than  t h e  c u t - o f f  
frequency and [+'I t hose  with h ighe r  f requencies .  
could neg lec t  
t h e  lower modes [&,]only.  
response and t h e  loads.  The reason i s  that  i n  most p r a c t i c a l  cases a 
s i g n i f i c a n t  p a r t  of  t h e  iiiLe~lCace response i s  produced by t h e  h ighe r  
modes. Tideed, a t y p i c a l  i n t e r f a c e  i s  r a t h e r  s t i f f  and has  l i t t l e  mass, 
i.e., t h a t  l o c a l l y  t h e  i n t e r f a c e  has  a high frequeitcy con ten t  so t h a t  it 
responds s i g n i f i c a n t l y  i n  t h e  high frequency range. 
h ighe r  modes t h e  model does not i nc lude  an adequate r e p r e s e n t a t i o n  o f  
t h a t  i n t e r f a c e .  The r e s i d u a l  mass and s t i f f n e s s  method now, proposes t o  
r e t a i n  t h e  s ta t ic  c o n t r i b u t i o n  t o  t h e  responeo cf t hcse  hij;iitir modes. 
This l eads  t o  a much S e t t e r  r e p r e s e n t a t i o n  o f  t h 2  hte*-e.-s The s t a t i c  
c o n t r i b u t i o n  can be obtained from t h e  fol lowing s t a t i c  ion 

A t  t h i s  p o i s i  one BH [ 4 B k n d  c a l c u l a t e  t h e  response as a 1 i r . a r  combination of 
Usually t h i s  y i e l d s  a poor accuracy i n  t h e  

Ir, t r u a c a t i n g  t h e  

der ived from Equation ( 3 ) .  
premult i p l y i n g  by [ & ~ ] ' r  and r e c a l l i n g  Equation ( 3 4 )  y i e l d s  : 

S u b s t i t u t i n g  Equation ( 5 0 )  i n t o  Equetion ( 5 2 )  

Because w e  a r e  only i n t e r e s t e d  i n  t h e  h igh  frequency p a r t ,  l e t  u s  
wri te  Equation ( 4 3 )  a s  

So t h a t  from t h e  bottom row i n  Equation (54) we have 

n 
B F i n a l l y ,  l e t  us p a i t i t h n  [ d -  

part  i t  ions ,  
1 i n  non- in t e r t ace  and i n t e r f a c e  
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S u b s t i t u t i n g  Equation ( 5 6 )  i n t o  Equation (35) we o b t a i n ,  

. H I  
t3 ' 

I n  p r i n c i p a l  w e  can use Equation (55) as i t  i s  and s o l v e  f o r  { c l  , 

( 5 8 )  

which can be s u b s t i t u t e d  i n  Equation (511, y i e l d i n g  

However, i t  should be noted t h a t  f o r  every f o r c e  component we keep, 
w e  add a degree-of-freedom t o  t h e  problem. 
many elements ( i . e . ,  many p o i n t s  of a p p l i c a t i o n )  it may not  pay o f f  t o  
use Equation (591,  i.,f-:, we may as w e l l  keep a l l  t h e  modes i n  F lua t ion  
(50). I f  however i F N j c o n t a i n s  a small  number of  eleinents ( f o r  example, 
i n  case  of a landing o r  a rocket motor i g n i t i o n )  we car: use Equation (59 )  
as it is, and o b t a i n  a b e t t e r  response f o r  few added degrees  of freedon?. 
However, because t h e  cut-off frequency was def ined ir. such a way t h a t  a l l  
s i g n i f i c a n t  f requencies  of 1 F:) are contair-ed i n  t h e  lower frequency 
range L,  we  can s t a t e  t h a t  t h e  boos te r  model w i l l  adequately respo.id 
t o  IF:) and no s i g n i f i c a n t  p o r t i o n  o f  t h e  response w i l l  be l o s t .  
Therefore,  we can omit t h e  term i n  t f i i  i n  E q u a t b n  ( 5 7 )  a l t o g e t h e r  and 
j u s t  keep t h e  i n t e r f a c e  p a r t  i n  )R:$ . The l a t t e r  p a r t  i n  i K F i  i .9 
important because fqs w i l l  u sua l ly  have a s i g n i f i c a n t  high frequency 
content  ( a f t e r  a l l  )1;0{ r e p r e s e n t s  t h e  e f f e c t  of t h e  payload on t h e  
boos te r  and a s  such c s n t a i n s  a wide range of f r equenc ie s ) .  Because t h e  

A ,  i n t e r f a c e  u s u a l l y  has  a high frequency con ten t  ( a s  explained be fo re )  {f?=! 
w i l l  induce a response a t  t h e  i r L e r f a c e  p r imar i ly  i n  t h e  high frequency 
range which i n  t u r n  w i l l  be ,  t r a n s m i t t e d  t o  t h e  rest o f  t h e  booster .  

On t h e  o t h e r  hand i f  6F'J con ta ins  react- ion elements due t o  scme 

I f  f o r  example, { FZf con ta ins  

e x t e r n a l  c o n s t r a i n t s  (e .g. ,  a dock) w e  w i s 5  t o  r e t a i n  t h e s e  elements a s  
we l l  because they  are eau iva len t  t o  elements of rF,"j i n  t h e  sense t h a t  
they r ep resen t  t h e  unknown e f f e c t s  of t h e  c o n s t r a i n t s  and a l s o ,  t h e  
i n t e r f a c e  between t h e  c0ns t r a i r . t  and t h e  boos te r  u s u a l l y  has a high 
frequency content  (e.g. ,  con Lctions between boos te r  ~ncl dock). 
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Ignoring t h e  term i n i F , j  R i n  Equation ( 5 7 )  and r o l v i n g  for is") yields 
u 

which can be substituted i n t o  Equation (511, y i e l d i n g  

- 2  'I' 

The term 
eplace [+;I. 

![''':I] r e p r c s e n t r  t h e  r c r i d u a l  mdes and they  
Also,  no te  chat t h e r e  modes only involve boos te r  

q u a n t i t i e s  which makes it  a one-t ime computat i o n e l  e f f o r t .  

Let UI now d e r i v e  t h e  modally conpled equa t ions  of motion f o r  t h e  
booster/payload ryrtem. F i r s t ,  we r u b r t i t u t e  
row of Equation ( 3 )  and then we premult iply by 
y i e  ld ing  

Before proceeding, le t  u s  cons ide r  t h e  homogeneous equa t ion  e x t r a c t e d  
from t h e  lower h a l f  of Equation ( 6 2 )  

and  solve t h e  following eigenvalue problem 

leading t o  t h e  modal t -rnsformation 
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CF POOR QUALITY and t h e  ,woper t ies  

(bb) 

We s h a l l  make use  of t h e s e  p ropa r t i e8  i n  d e r i v i n g  the modally C O U P ~ G ~  
equat ions  of motion of t h e  boos te r /pry load  syrtea. 
write Equation (231, 

To t h i s  and let  us 

Let us now in t rqduce  t h e  f c  l lcwing no ta t  ions 

so t h a t ,  combining Equat ions (611, ( 6 5 )  and (68 )  w e  can u r i t e ,  

We now def in-  a t r ans fo rma t ion  s i m i l a r  t o  Equation ( 4 2 )  

where t h i s  time1qg)arrd [gg]  are given  by Equation (68)  

Applying t h i s  t r ans fonna t  ;.on t o  Equation (67) and premult i p l y i n g  



so t h a t  Euuat  ion ? I  1 becomes 

The r e s i d u a l  masn and m t i f f n e s i  tcchhiquc c a s h  i a l l y  improver t h e  
i n t e r f a c e  r e p r e s e n t a t i o n  in t h e  model wnem t h e  model i n  subjec ted  t o  3 
frequency cut - o f f .  

me recrult Equation ( b l )  c m  t hen  be ured i n  any t y p e  o €  modal 
s y n t h e s i s  technique such a8 result Rquatian (74) .  h e  t o  Chi8 i n t e r f a c e  
improvement it is t i o w  porsiblc t o  t r u n c a t t  t h e  h i s h  bocrrter mode8 whi l r  
et i l l  ohtainCng an acceptaitlr! accuiacv. 19 f a c t ,  i nc lun inn  o f  t h e  
residual maftn and o r  stiffnens i n t o  a modal s y n t h e s i s  t cchn igur  m e m a  t.) 
he  t h e  m a t  e f f i c i e n t  approach c*::rrent ly a v a i l a b l e .  
technique is dissnssed i n  t h e  next s e c t i o n .  

Another verv good 



e. The Mass and S t i f f n e s s  Loading Technique 

Another way of  iirprovinp t h e  i n t e r f a c e  represcrr ta t  ion i n  he boos te r  
model sub jec t  t o  frequency cu t -of f  is  g iven  by a t echnique  de\?loped by 
Hruda and Benfield and is  based on Equation ( ' 2 5 )  which we repea t  here f o r  
convenience, 

'Instead of so lv ing  e igenvalue  problem ( 3 1 )  Hruda and Benf ie ld  propose 
t o  so lve  t h e  fol lowing e igenvalue  problem, 

v ie ld in l t  t h e  modal t ransformat  ion 

Again, t h e  modal t ransformat ions  (39) and ( 7 7 )  can  be combined i n  

S u b s t i t u t i n g  Equation (78)  i n t o  Equation ( 7 5 )  and premult i p l y i n g  
T y it I d s ,  L +Y 



where we used t h e  p r o p e r t i e s  

Equation ( 7 9 )  now r e p l a c e s  Equation (43). The main d i f f e r e n c e  l i es  
i n  t h e  f a c t  t h a t  i n  so lv ing  eigenvalue p robym ( 7 6 1 ,  t h e  b o o s t e r  
i n t e r f a c e  i s  mass and s t i f f n e s s  loaded b y [ T  M T ] and  [TJKpTE] 
r e s p e c t i v e l y ;  i.e., t h e  boo6:er i n t e r f a c e  it? lEa8ed wi th  approximate 
dynamic e f f e c t s ,  o f  t h e  pay;oad. In doing so, t h e  new modes [ c$Yd;md 

2 f r e q u e n c i e s t u i  l w i l i  i nc ' l - i e  a good r e p r e s e n t a t i o n  o f  t h e  i n t e r f a c e ,  and 
more resemble t h e  system modes. This a l l cm us t o  reduce t h e  number of  
b o o s t e r  modes i n  Equatior. ( 7 9 )  acc,ording LV '.he pscdetermi, 
frequency. 
prevent s tudy  is t h a t  e igenva lue  problem ( 7 6 )  is dependent on t h e  
payload. This means t h a t  f o r  every change i n  t h e  payload w e  must s o l v e  
t h i s  e igenvalue problem aga in  although t h e  b o o s t e r  does not change. 
makes t h e  HrudaIBenfield technique less s u i t a b l e  f o r  o u r  purposes. 
However, i f  t h e  changes i n  P are s m a l l ,  w e  can use  t h e  o l d  boos te r  modes 
as a f i r s t  estimate t o  c a l c u l a t e  t h e  new b o o s t e r  modes i n  a Raleigh-Ritz 
t ype  eigenvalue problem so lve r .  

. Ldt-off 
The disadvantage of t h i s  method i n  connect ion wi th  t h e  

This 

f .  The CouDled Base Motion Techniaue 

The coupled base motion technique as presented i n  t h i s  s e c t i o n  i s  
another  way t o  o b t a i n  t h e  response of a coupled booster:payload system. 
This s e c t i o n  w i l l  g ive  us t h e  oppor tun i ty  t o  develop an a l t e r n a t i v e  set 
of  eqva t ions  f o r  equa t ion  (43).  

can t i l eve red"  displacements  f o r  t h e  payload P but a l s o  f o r  t h e  boos te r  
B ,  whi le  on ly  t h e  i n t e r f a c e  w i l l  be f r e e .  The d e r i v a t i o n  is  very similar 
t o  t h e  one i n  Secton b. Let us  d e f i n e  a t r ans fo rma t ion  s imilar  t o  
Equatioa (9) but  now f o r  t h e  boos te r  B 

Indeed, we s h a l l  not  on ly  use 
I 1  

with 

Equation (11) can now be replaced by 
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Again, t h i s  t ansformation w i l l  eliminate the redundant set of  
tocess it w i l l  a l so  2 

d displacements {+j i n  Equation (3) and i n  the 
eliminate the unknown reactions I q J  and 

Introducing the notat ion8 

vhere t h i s  t ime, 

Note that [ I B j  and [ I p ]  have different  dimensions, namely (BXNB) and 
(PXNP) 

- Substituting transformation (83) into Equation (3 )  and premultiplying 
by AT y ie lds ,  
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The basic  idea for a base drive method i s  the separation of the 
booster response into two separate porte 

where 

F - part  due to the action of ( 8 9 )  

and 

part  d u e  to the presence of the payload (-feedback) 
(89) 

I: is clear that vector ( 8 6 )  satisfies 
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The s o l u t i o n  of Equation ( 9 0 )  is a one-time computational e f f o r t  
because it only involves  boos te r  q u a n t i t i e s .  
Equation (87)  i n t o  Equation ( 8 6 )  and t a k e  i n t o  account Equation (90)  w e  
o b t a i n  t h e  followinn new set of equa t ions  

I f  we  now s u b s t i t u t e  

Ii%TpX;F 

The second idea of a base d r i v e  method is t o  cons ide r  t h e  bottom 
p a r t i t i o n  of E q u a t i m  (91) and write it i n  t h e  fol lowing form, 

I f  one i s  only i n t e r e s t e d  i n  t h e  design of t h e  payload, Equations 
( 9 2 1 ,  ( 7 )  and (87) is a l l  w e  need, t o  d e t e r n i n e  t h e  response of  t h e  
payload. 

cour se ,  ixFl i s  coupled i n t o  t h e  boos te r  equa t ions  i n  Equation (91).  

Equation (91) can a l s o  be w r i t t e n  i n  terms of normal coord ina te s .  
t h i s  end le t  u s  in t roduce  t h e  fol lowing t r ans fo rma t ion  : 

I f  ixyj is known w e  can "base d r ive"  t h e  ayload by t h e  terms 
on the right-hand s i d e  of Equation ( 9 2 )  t o  o b t a i n  tx',! p. { . Of 

To 
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where [s:], and [,$:I a r e  obtained from solving the following 

eigenvalue problems, 

with (95) 

where again w e  used the simpler notat ions tzi] and fu:d instead of 

Subst i t u t  in& transformat  ion (93) i n t o  Equat 
premult iplying by t h e  t r anspose  of t h e  square t 
Equation (93) y i e l d s  t h e  modal form, 

"BR 

"BR 

:p 
' 'N 

ion (91) and 
tans format i o n  mat r ix  i n  

+ 
(98) 

Equation (98 )  r e p r e s e n t s  t h e  coupled base d r i v e  equa t ions  of  motion 
i n  modal coord ina te s .  The main advantage o f  equa t iocs  ( 9 8 )  l i e s  i n  t h e  
f o r c e  term of  t h e  righthanti  s i d e .  If many d i f f e r e n t  payload 
conf igu ra t ions  must be i n v e s t i g a t e d ,  then t h e  f o r c e  term is easier t o  
e v a l u a t e  than f o r  example t h e  fo rce  term i n  equa t ion  (43).  This assumes 
of course t h a t  t h e  boos te r  and i t s  i n t e r f a c e  remeins t h e  same so t h a t  t h e  
s o l u t i o n  of  Equation (90) remains t h e  same. 

The main  advantage of Equation ( 9 0 )  is t h a t  i t  is  w r i t t e n  i n  a form 
t h a t  can be used a s  a s t a r t i n g  point  f o r  s e v e r a l  sho r t - cu t  methods. This 
w i l l  be discussed in t h e  next chap te r .  
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The Load CalcuLat ion  4. 

As 
mot ion  

discussed i n  Sec t ion  3, t h e  reason f o r  so lv ing  t h e  equa t ions  o f  
of t h e  booster /payload system is t h e  de t e rmina t ion  o f  t h e  

displacement v e c t o r  i x p j  so t h a t  we  can s u b s t i t u t e  t h i s  v e c t o r  i n t o  

P 
i n  o r d e r  t o  o b t a i n  t h e  i n t e r n a l  s t r u c t u r a l  loads {Le/ on a n  i n d i v i d u a l  
member e of  t h e  payload P. I n  p r i n c i p a l  Equation ( 9 9 )  could be used as 
is ,  but t h i s  "displacement" approach t u r n s  ou t  t o  be very s e n s i t i v e  t o  
inaccurac i e s  in{xpf ;  e.g., t r u n c a t i n g  high frequency modes as we d i d  
i n  Sec t ion  3b could very e a s i l y  l ead  t o  e r r a t i c  l oads  { Lei .  
H e u r i s t i c a l l y  speaking, i x p i  c o n t a i n s  t h r e e  p a r t s ,  t h e  s t a t i c  
displacement,  t h e  r i g i d  body displacement and t h e  "v ib ra t iona l "  
displacement. 

f 

Therefore ,  i f  one has  an e r r o r  i n  i x p )  one n e c e s s a r i l y  a f f e c t  t h e  
accuracy of  a l l  t h r e e  p a r t s .  Fo r  t h i s  reason one p r e f e r s  t h e  so c a l l e d  
"acce le ra t ion  method". 
t h e  s t a t i c  and r i g i d  body p a r t s  from t h e  "v ib ra t iona l "  displacement.  
a consequence one only makes e r r o r s  i n  t h e  "v ib ra t iona l "  p a r t  which o f t e n  
i s  t h e  smallest p a r t  of  t h e  displacement v e c t o r  I x p f -  Such an 
"acce le ra t ion"  approach which i s  c o n s i s t e n t  w i th  modal s y n t h e s i s  
techniques was developed by Hruda and Jones.[53] 

B a s i c a l l y  t h i s  approach i s  capable  of s e p a r a t i n g  
As 

Reca l l ing  Equation (83) we can write 

so t h a t  from Equation (99) w e  o b t a i n  

From t h e  bottom row of  Equation (86) w e  o b t a i n  

and from t h e  second row E q u a t i m  (86) we o b t a i n  

(100) 
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Expressions (102) and (103) can now be subs t i t u t ed  i n t o  Equation 
(101) yieloi.ig an equation for { ~ z f  i n  terms of acce lera t ionr .  
t h e  matr ix  mul t ip l ica t ions  involved i n  Equations (101-103) can be 
s impl i f ied  by using a uni t  load so lu t ion ,  which i s  a fea ture  of m r n t  
f i n i t e  element programs 

h n y  of 

After  t h i s ,  it is possible  t o  introduce cant i levered  modes f o r  t h e  
booster and t h e  payload(s) and t runca te  these  modeo according t o  a prerc t  
cut-off frequency. In Chapter I1 w e  s h a l l  d i scuss  the  load ca l cu la t ion  
procedure i n  more d e t a i l .  
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5 .  Assessment 

There are vary few p u b l i c a t i o n s  dea l ing  with t h e  comparison o f  t h e  
d i f f e r e n t  f u l l - s c a l e  payload i n t e g r a t i o n  methods. In t h i s  s e c t i o n  w e  
s h a l l  d i s c u s s  two such s t u d i e s .  A study by R. Hruda shows t h a t  
t h e  r e s i d u a l  mass and f l e x i b i l i t y  approach is  one o f  t h e  most e f f e c t i v e  
i n  terms of  c o s t ,  convenience and accuracy. 
using i n t e r f a c e  payload(s)  i: a l s o  one of  t h e  b e s t  techniques.  

The Craig/Bampton technique 

A s  a tes t  s t ruc ture ,  Hruda used two p lana r  t r u s s e s  coupled t o g e t h e r  
by a s t a t i c a l l y  indeterminate  i n t e r f a c e  (Figure 2). 
techniques were compared t o  t h e  exact  s o l u t i o n ,  i .e. ,  t h e  s o l u t i o n  i n  t h e  
d i s c r e t e  time domain Bs d i scussed  i n  Sec t ion  3a.: 

Five d i f f e r e n t  

1. 

2. 

3. 

4 .  

5 .  

Hruda/Benf i e l d  Technique - (Sect ion 3e. : i n e r t i a l  coupl ing of 
t russ-2 cons t r a ined  modes on to  f r ee - f r ee  modes of t r u s s - 1  which 
was mass and s t i f f n e s s  loaded a t  i t s  t r u s s - 2  i n t e r f a c e  
degrees-of-freedom by t h e  i n t e r f a c e  p r o p e r t i e s  of  t ru s s -2 .  (IMSL) 

Craig/Bampeon Technique (modal verson o f  Equation ( 8 6 ) )  : 
i n e r t i a l  coupl ing of t r u s s - 1  and t russ-2 cons t r a ined  modes on to  
a f r ee - f r ee  modal r e p r e s e n t a t i o n  of  t h e  i n t e r f a c e  
degrees-of-freedom. ( I / F )  

MacNeal T e c h n i w :  r e s i d u a l  f l e x i b i l i t y  approach of  coupl ing 
t rus s -2  cons t r a ined  modes on to  f r ee - f r ee  modes of t r u s s - 1  which 
c r e a t e s  s t i f f n e s s  cocpl ing ( r e s i d u a l  mass not included) .  (RFSWOM) 

Rubin Technique: ( t h e  r e s i d u a l  mass and f l e x i b i l i t y  technique - 
sec ton  3d. 1 : coupl ing o f  t ru s s -2  cons t r a ined  modes 01.r.o 
f r ee - f r ee  modes of  t r u s s - 1  which y i e l d s  on ly  ; . ne r t i a l  coupl ing,  
and, by c o n s i s t e n t  a p p l i c a t i o n  t o  t h e  mass and s t i f f n e s s  terms 
i n  t h e  equa t ions  of motion, y i e l d s  both r e s i d u a l  s t i f f n e s s  and 
r e s i d u a l  mass terms. (RFIWM) 

Rubin Technique but without r e s i d u a l  mass c o n s t r i b u t  i o n  f o r  
t russ-1.  

The t r u s s  problem as i l l u s t r a t e d  i n  Figure 2 r e p r e s e n t s  a 
p l ana r  problem wi th  t h r e e  r i g i d  body degrees  O F  freedom (two 
t r a n s l a t i o n a l ,  one r o t a t i o n a l ) .  Each pinned j o i n t  has two 
t r a n s l a t i o n a l  degrees  of  freedom. 
indeterminate  becau. ~ t h e r e  a r e  s i x  i n t e r f a c e  degrees  of 
freedom. The heavy masses (asymmetric w i th  r e spec t  t o  
i n t e r f a c e )  a r e  edded t o  produce i n t e r f a c e  d i s t o r t i o n .  The 
fo rc ing  func t ion  i s  a ramp funct ion.  (RFIWOM) 

The i n t e r f a c e  is  s t a t i c a l l y  

The "exact" r e su l t s ,  a g a i n s t  which a l l  comparisons were made ,  
were obtained by e x t r a c t i n g  e igenva l r so ,  e igenvec to r s ,  and loads 
d i r e c t l y  from d f i n i t e  element d i s c r e t e / p h y s i c a l  model using nu 
modes a t  a l l .  



Five d i f f e r e n t  c a s e s  we  i n v e s t i g a t e d  

EXACT: Discrete modal 70 DOF 

CASE A: Modally coupled, ? O  modes r e t a i n e d  (=loo%) 

CASE B: Modally coupled, 50 F-l'es r e t a i n e d  (=7J%) 

CASE C: Modally coupled, 32 modes r e t a i n e d  (146%) 

CASE F: Modally coupled, 19 modes r e t a i n e d  ( ~ 2 7 % )  

Hruda used t h e  fol lowing comparison valiies: 

Frequencies: 

Modest 

Percent error a g a i n s t  t h e  "exact" s o l u t i o n  

An e r r o r  v e c t o r  i s  formed(4N- +,)and i t s  
norm is c a l c u l a t e d  (which is def ined  as t h e  Root. 
Square Sum of  t h e  t h e  elements of t h e  v e c t o r ) ;  
t h e  comparison va lue  is t hen  de f ined  as t h e  norm 
of t h e  e r r o r  divided by t h e  norm of t h e  
base/exact mode. Note t h a t  t h e  norms are based 
on t h e  modal amplitudes of al: degrees  of freedom 
frsm t h e  coupled system. 

Loads : Loads were c a l c u l a t e d  a t  t h e  t r u s s  i n t e r f a c e  on 
both t h e  t ru s s -1  and t rus s -2  j o i n t s .  A percent  
e r r o r  of t h e  a b s o l u t e  va lue  o f  t h e  l a r g e s t  
!=.'?her maximum o r  minimum) va lue  from a given 
cade a g a i n s t  t h e  a b s a l u t e  .zalue of t h e  l a r g e s t  
va lue  from t h e  exact  s o l u t i o n .  

i.e. 
w - w  

Frequency comparison value = -- E x 100 
E w 

RSS ( 0, - 0, 1 
x 100 Mode comparison value = ---- 

RSS + E  

Load comparison value = LN ,- LE x 100 

where E = Exact,  and N E Case being compared. 
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The resul ts  are presented i n  Tables 1-12 

For t h e  100% case-A, t h e  MacNeal technique r e q u i r e s  t h e  invers;.on of t h e  
r e s i d u a l  f l e x i b i l i t y  matr ix  t o  o b t a i n  E "xesidual  s t i f f n e s s " .  
a t tempting t o  r e t a i n  a l l  (100%) of  t h e  modes, this r e s i d u a l  f l e x i b i l i t y  
ma t r ix  i s  a func t ion  of t h e  i n t e r f c c e  h ighes t  f r equmcy  modal amplitudes 
which can cauqe a n  i l l - c o n d i t i c n e d  ma t r ix  ( a s  i n  t h e  preseiit c a s e ) .  
Since t h i s  i s  an un rep resea ta t ive  case, i t  should not be deduced t h a t  
t h i s  is  an unacceptable technique. 
where more r e s i d u a l  modes a r e  a v a i l a b l e ,  t h e  MecNeai technique f a l l s  i n t o  
l i n e  with o t h e r  technlques.  Note t h a t  i n  c a s e s  B,  C, and F,  i n  bo th  t h e  
frequency and mode shape comparisons, t h a t  t h e  MacLeai and t h e  Rubin 
technique without r e s i d u a l  mass are i d e n t i c a l ,  t h e r r b y  numerical.ly 
s,pporting K. 
equ iva len t  f o r  modal 9ynthesi.s. I n  comparing t h e  loads  i t  i s  seen t h a t  
t h e  MacNeei column f o r  case-b r e f l e c t s  t h e  propagat ion of t h e  
:-ll-condit i on ing  mentioned ear-ler.  Loads were c a l c u l a t e d  by t h e  modal 
a c c e l e r a t i o n  technique (Sect ion 4 )  f o r  a l l  methods except f o r  t h e  NarNeal 
technique . 

When 

An can be seen i n  succdeding cases, 

Coppollno's con ten t ion  t h a t  t h e s e  two techniques are 

Due t o  t h e  s t i f f n e s s  coupl ing involved i n  t h e  MacNeal method, a 
complete modal a c c e l e r a t i o n  technique fo r  c a i c u l a t i n g  loads coirld not be 
used, t h e r e f o r ? .  t h e  modal displacement techniques of c a l c u l d t i n g  loads 
was used. Becs-Jse of  t h i n ,  t h e  l a r g e r  loadb inaccurac i e s  f o r  t h i s  .nethod 
must  be a t t r i b tLac '  t o  t h e  method of  loads c a l c u l a t i o n  and not t c  thl- 
method i t s e l f .  

In conclusion we can s ta te  t h a t  methods 1 through 5 are acccptahle .  
However, t h e  Rubin Technique (Residuai  Mass and S t i f f n e ? :  Appr?ar,h) seems 
t o  outweigh t h e  o t h e r  approaches i-n terms of  c o s t  - A *tlLence. 
Again, i t  should be noted t h a t  t h i s  method does POL ~ ~ an;. knowledge 
of payload p r o p e r t i e s  which makes it  very va luab le  fcr analy:it 4; 

STS-appl it a t  ions.  

I/F 

Truss 1 
(Booster E1 

Fgpirp 2 Structure Used for Comparing Coupling Techniques 
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Table 1: Frequency Compariron 
Care A = 100% of Available Modcr 

4 
5 
G 
7 
R 
9 
10 
1 1  
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
2 2  
23 
24 
2 5  
26 
27 
28 
29 
0 

31 
32 
33 
34 
35 
36 
37 
38 
19 
40 
41 
42 
43 
44 
4 5 
4b 
47 

.76 
I. ?5 

3.08 
3.80 
4 .62  
5.11 
5.50 
5.81 
7.68 
8.69 
9.14 
9.42 
9.73 
9.85 
i0.36 
10.43 
10.79 
10.90 
11.17 
11.69 
11.70 
11.96 
12.03 
12.20 
12.43 
12.50 
12.75 
13.29 
13.51 
14.22 
14.53 
14.86 
15.19 
15.54 
15.69 
16.16 
16.17 
16.28 
16.86 
l i . 0 7  
11.17 
I H .  I 7  
18. I7 

2.84 

-.00 
-' .oo 
-.00 
-.00 
. .oo 
- .oo 
-.OO 
,-.oo 
-.oo . OG 
-.OO 
-.00 
-.DO 
-.co 
-.OO 
-.no 
-.00 
-.oo 
-.oo 
-.oo 
-.00 
- .00 
- . 00 
- .OO 
-.OO 
-.00 
-.oo 
-.oo 
-.oo 
-.oo 
-.oo 
-.00 
-.09 
-.oo 
-.OO 
-.00 
-.00 
-.OO 
-.00 
-.OO 
- . 00 
'- .oo 
- . 00 
- . f )O 

-.oo - . 00 
-.00 
-.oo - . 00 
-.00 
-.oo 
-.oo 
-.oo 
-.oo 
-.00 
-.oo 
-.oo 
-.oo 
-.oo 
-.oo 
-.oo 
-.oo 
-.oo 
-.OO 
-.oo 
-.OO 
-.00 
-.oo 
-.oo 
-.oo 
-.oo 
-.oo 
-.oo 
-.oo 
-.oo 
-.oo 
-.oo 
-.oo 
-.oo 
-.oo 
-.oo 
-.oo 
-.oo 
-.oo 
-.00 
- .oo 
- . 00 
- .oo 

-49.17 
6.75 

--21.81 
-3.63 
-9.24 

-16.15 
-24.08 
-6.02 
-3.31 
-6.08 
-.60 
-3.32 
-1.76 

- .92 -. 93 
-1.36 -. 33 
-2. a9 
-2.55 
-1.85 . RO 

.39 -. 12 

. I 9  

.40 

.12 
5.58 
4.00 
2.54 
3.12 -. 19 
.31 -. 1 1  
1.59 
1.23 
2.5c  

. s 5  

.66 
3.34 

. 4b  

. 2 1  
5. I 2  

.03 
I O .  41 

-.oo 
- . 00 
- .OO 
-.oo 
- . 00 
- . 00 
-.oo 
-.oo 
-.oo 
-.oo 
-.OO 
-.OO 
-.oo 
-.oo 
-.oo 
-.00 
-,oo 
-.oo 
-.00 
-.00 
-.00 
- . 00 
-.oo 
-.oo 
-.oo 
-.oo 
-.oo 
-.oo 
-.oo 
-.oo 
-.03 
-.oo 
-.00 
-.oo 
- .OO 
- .03 
-.oo 
-.OO 
-.oo 
-.oo - . 00 
.- . 00 
- . 00 
- .00 

-.oo 
.oo 

- .OO 
.I)o . 00 
.oo 
.00 . 00 . 00 . 00 . 00 
.OO . 00 
.bO 

-.OO . 00 
00 . 00 . 00 . 00 . 00 
. 00 . 01) . 00 . 00 . 00 . 00 
.oo . 00 . 00 . 00 . 00 . 00 . 00 . 00 . 00 . 00 
00 . 00 . 00 

.oo 

. 00 . 00 . 00 



Table 1: Frequency Cornparison.(Concl) 
Case A = 100% of Avaiiable Modes 

% Diff for Various Modal Coupling Tech 

Mode Exact Freq 
No (Hz) IMSL I / F  RFSWOM RF IWM RF IWOM 

48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 

20.11 
20.27 
21.11 
21.15 
21.26 
21.29 
21.45 
21.47 
22.06 
22.15 
22.63 

-.oo 
-.oo 
-.oo 
-.oo 
-.O@ 
-.oo 
-.oo 
-.oo 
-.oo 
-.oo 
-.oo 

-.oo 
-.oo 
-.oo 
-.oo 
-.oo 
-.oo 
-.oo 
-.oo 
-.oo 
-.oo 
-.oo 

.81 
3.02 
.14 
.08 
.07 
.53 
.02 

2.91 
.45 

5.09 
2. la 

-.oo 
-.oo 
-.oo 
-.OO 
-.oo 
-.oo 
-.oo 
-.oo 
-.oo 
-.oo 
-.oo 

. 00 . 00 . 00 . 00 . 00 . 00 . 00 
* 00 
-00 . 00 . 00 

34 



Table 2: Fr b.cncy Comparison 
Case B = 71X Available Modes 

X Diff for Vatio,, Modal Coupling Tech ------------------------------------------------------------------------------- 
Mode Exec t Fteq 
NO (lit) IHSL I / F  RFSWOM RF IWM RFIWOM - 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
33 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
18 
39 
40 
41 
42 
43 
44 
4 5 
46 

.76 
1.75 
2.84 
3.08 
3.80 
4.62 
5.11 
5.50 
5.81 
7.60 
8.69 
9.14 
9.42 
9.73 
9.85 

10.36 
10.43 
10.79 
10.90 
11.37 
11.49 
11.78 
11.96 
12.03 
12.20 
12.43 
12.50 
12.75 
13.29 
13.51 
14.22 
14.53 
14.86 
15.i9 
15.54 
15.69 
1:. 16 
16.17 
16.28 
1G .86 
1 7 . 0 7  
1 7 . 1 7  
18.17 

. 00 

.oo . 00 

.oo . 00 

.oo . 00 

.oo 

.04 

.oo 

.02 

.04 

. O 1  

.01 

.03  

.01 

. 00 

.03  

.03 

.oo . 00 

.03 

.08 

.02 

.13 

.01 

.03 

.07 

.04 

.13 

.09 

.01 

.06 

.01 

.02 
.01 
.07 
.37 
. 1 3 .  
.oo 

I .oo 
.02  

. oe 

. 00 . oc . 00 

.oo . 00 . 00 . 00 

.oo 

.05 ' 
-00 
* 02 
-06 
.01 
.02 
.04 
. O 1  . 00 
.05 
.03 
.oo 
. G 1  
.03 
.09 
.03 
.13 
.01 
.09 
.07 
.05 
.oi 
.13 
.13 
.01 
. 0 7  
.o3 
.02 
.02 
.08 
.44 
. I 2  
. IO 

I .oo 
.02 

. 00 

.oo . 00 

.oo . 00 

.04 
00 

.05 

.03 
- 2  I . 07 
. 1 2  
.01 
. 0 2  
. 0 3  
.06 
. O 1  
.04 
.04 
.03 
.05 
.08 
.08 
.04 
.10 
.02 
.07 
.08 
.06 
.07 
.78 
.29 
17 

. l I  
1 . 1 7  
1.61 
.13 

2.58 
?.E8 
7.73 

18.51 
Ob . 0 ' 4  

7 2 . 2 9  

.oo 

.oo 
-00 
.oo . 00 
.oo . 00 
.oo 
.03 . 00 . 0 1 
.04 . 00 
.01 
. 0 3  
.01 . 00 
.02 
. 0 2  
.oo . 00 
.03 
.07 
.02 
.10 

-03  
.06 
.02 
.05 
.09 
.07 
.01 
.05 
.04 
.03 
.09 
.12 
.34 
. 2 5  

i . ' ) 2  
'1 . A 0  
9.54 

. 

. 00 . 00 

. 0 2  

.06 . 00 

.04 . 00 

.05 

.03 

.21  

. 0 3  

.12 

.01 

.02 

.03 

.06 

. O l  

.04 
-04 
.03 
.05 
.08 
.08 
.04 
.IO 
.02 
.07 
.08 
.06 
.07 
- 7 8  
.29 
.17 
.11 

1 . 1 7  
1.61 

. 1 3  
2.68 
3 .88  
7 . 7 3  

18.51 

7 2 . 2 9  
(10 . 'I& 

3 5  





Table 3: Frequency Comparison 
Case C - 46% of Available Modes 

X D i f f  for Various nodal Coupling Tech 

node Exact Freq 
NO (Hz) -- IMSL I / F  RFSWM RFIW RFIWOH 

4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
'9 
30 
31 
3? 

.76 
1.75 
2.84 
3.08 
3.80 
4.62 
5.11 
5.50 
5.81 
7.69 
8.69 
9.14 
9.42 
9.73 
9.85 
10.36 
10.43 
10.79 
10.90 
11.37 
11.49 
11.78 
11.96 
12.03 
12.20 
12.43 
i2. Si) 
12.75 
13.29 

. 00 

.02 

.04 

.01 

.02 

.12 

.02 
26 
.16 
.03 
.14 
.32 
.05 
.13 
.30 
.l! . 00 
.17 
.41 
.06 
.04 
-1: 
.40 
.30 

1.73 
.4 1 
1.94 
3.52 
11.86 

. 00 

.oo 

.02 

.oo . 00 

.05 

.01 

.10 

.24 

.04 

.22 

.33 

.07 

.18 

.27 

.ll 

.04 

.33 

.42 

.04 

.ll 

.17 

.90 
3.16 
2.35 
4.86 
12.32 
14.90 
61.19 

.02 . oc 

.12 

.28 . 00 

.26 

.01 

.35 

.I2 
1.55 
.17 
.41 
.07 
.34 
.31 
.51 
.45 
.73 

3.43 
3.23 
5.14 
5.52 
4.79 

53.b5 
77.63 
80.30 
143 04 
167.76 
530.9: 

. 00 . 00 

.01 

.oo . 00 

.02 . 00 

.05 

.08 

.06 

.08 

.I7 

.01 

.08 

.18 

.12 

.02 

. l l  

.55 
1.49 
3.66 
2.76 
3.70 
4.71 
3.91 
14.58 
22.38 
29.91 
63.27 

.Q2 . 00 

.12 

.28 . 00 

.28 

.OL 

.35 

.12 
1.55 

. 1 7  

.41 

.07 

.34 

.31 

. 5 1  

.45 

.7J 
3.43 
3.23 
5. I4 
5.52 
4.79 
53.65 
77.63 
80.30 
143.04 
167.76 
630.19 



Table 4: Frequency Comparison 
Case F = 27% of Available Modes 

% Diff for Various Modal Coupling Tech ------------------------------------------------------------------------------- 
node Exact Freq 
No (Hz) IMSL I / F  PFSWOM RF IWM RF I WOM 

4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 

.76 
1.75 
2.84 
3.0t 
3.80 
4.62 
5.11 
5.50 
5.81 
7.69 
8.69 
9.14 
9.42 
9.73 
9.85 
10.36 

. OG 

.02 

.06 

.07 

.03 

.I8 

.05 

.46 
1.03 
.14 
1.05 
1.20 
.37 

2.23 
18.25 
22.07 

. 00 

.oo 

.06 

.oo 

.01 

.14 

.O? 

.34 
1.13 
.16 
1.14 
6.85 

27.17 
36.67 
37.17 
103.62 

.05 

.02 

.31 
4.32 
.03 
.71 
-03 
1.64 
23.29 
15.39 
45.28 
84.4J 
98.00 
97.08 
203.74 
279.52 

. 00 

.oo 

.03 

.I9 . 00 

.08 

.01 

.49 
4.70 
8.20 
1.30 
8.49 

27.57 
36.41 
37.43 
105.23 

.05 

.02 

.31 
4.32 
.03 
.71 
.03 
1.64 
23.29 
15.39 
45.28 
84.48 
98.00 
97.08 
203.74 
279.52 

38 



Table S: Mode Shape Comparison 
Case A 100% of Available Modes 

X; D i f f  for Various Modal Coupling Tech. 
--------------------_____^______________--------------------------------------- 

Mode Exact Freq 
No (Hz) IMSL I / F  RFSWOM RF IWM RF I WOM 

4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
2c 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 

14.84 
13.95 
13.45 
13.70 
12.23 
11.21 
9.54 
8.75 
13.25 
10.51 
11.49 
11.24 
14.5 
13.16 
13.99 
15.47 
13.49 
12.74 
15.25 
16.56 
18.06 
17.70 
17.29 
16.94 
17.58 
17.06 
16.31 
15.86 
18.16 
16.92 
15.21 
18.67 
18.48 
17.23 
18.14 
18.12 
18.82 
19.22 
15.63 
18.47 
19.44 
16.54 
18.17 

. 00 

.oo . 00 

.oo . 00 

.oo . 00 . 00 . 00 

.oo . 00 

.oo . 00 . 00 . 00 

.oo . 00 

.oo . 00 . c3 . 00 

.oo . 00 

.oo . 00 

.oo . 00 

.oo . 00 

.oo . 00 

.oo 
-00 
.oo . 00 
.oo . 00 
.oo . 00 
.oo . 00 
.oo . 00 

. 00 

.oo . 00 . 00 . 00 

.oo . 00 . 00 . 00 
-00 . 00 
.oo . 00 
.oo . 00 
.oo . 00 
.oo . 00 
.oo . 00 
-00 . 00 
.oo . 00 
.oo . 00 
.oo . 00 
.oo . 00 . 00 . 00 . 00 . 00 
.oo . 00 
.oo . 00 
.oo . 00 
.oo . 00 

104.09 
92.76 
104.91 
94.49 
132.95 
100.73 
153.35 
104.39 
129.05 
186.06 
96.78 
102.21 
71.19 
141.80 
90.01 
81.01 
99.38 
136.40 
138.19 
132.20 
100.18 
132.72 
142.58 
68.01 

41.89 
138.22 
149 30 
138.85 
148.49 
91.84 
75.41 
49.75 
89.32 
145.84 
146.47 
160.19 
126.88 
162.42 
124.22 
61.05 
135.41 
54.79 

69. &S 

. 00 

.oo . 00 

.oo . 00 

.oo 

. 00 

.oo . 00 

. 00 . 00 

.oo . 00 

.oo . 00 

.oo 

.oo 

.oo . 00 

.oo 

.oo 

.oo . 00 

.oo . 00 

.oo . 00 

.oo . 00 

.oo . 00 

.oo 
-00 
.oo . 00 
.oo . 00 
.oo . 00 
.oo . 00 
.oo . 00 

. 00 

.01 

.01 

.02 

.02 

.03 

.05 

.12 

.08 

.18 

.04 

.16 

.07 

.09 

.02 

.12 

.05 

.13 

.15 

.15 
- 2 5  
-18 
.17 
.09 
.03 
.19 
.28 
.01 
.08 
.ll 
.84 
.52 
.36 
.16 
1.36 
.72 
.51 
.56 
.90 

1.12 
.45 
.84 . j 2  

39 



Table 5:  Mode Shape Comparison (Concl) 

% Diff for Various Modal Coupling Tech. 
Case A = 100% of Available Modes 

............................................................................... 
Mode Exact Freq 
No (Hz) IMSL XIF RFSWOM RFIWM RF IWOM 

47 
48 
59 
50 
51 
52 
53 
54 
55 
56 
57 
5c 

18.33 
18.25 
19.16 
19.29 
19.51 
19.17 
18.89 
19.52 
19.13 
11.17 
19.81 
19.81 

. 00 

.oo . 00 

.oo . 00 

.oo . 00 
-00 . 00 
.oo . 00 
.oo 

. 00 

.oo . 00 

.GO . 00 

.oo . 00 

.oo . 00 . 00 . 00 

.oo 

142.35 
145.79 
139.28 
65.342 
62.72 
52.42 

105.50 
38.21 

103.39 
161.11 

11.29 
135.33 

.oo 

.oo . 00 . 00 . 00 . 00 . 00 . 00 
* 00 
.oo - 00 
.oo 

.30 
2.22 

.27 
2.16 
1.22 
3.43 
4.69 
1.48 
2 .35  
5.68 
.I7 
.OY 

40 



Table 6: Mode Shape Coaparieon 
Case B = 71% of Available Modes 

X Diff for Various Hadal Coupling Tech. .............................................................................. 
node Exact Freq 
No (HZ) IMSL XF RFSWOH RFIW RFIWOM ___ ~ - -  .--- L 

4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 

14.84 
13.05 
13.45 
13.70 
12.23 
11.21 
9.54 
8.75 
13.25 
10.51 
11.49 
11.24 
14.55 
13.16 
13.99 
15.47 
13.49 
12.74 
15.25 
16.56 
18.06 
17.70 
17.29 
16.94 
17.58 
17.06 
16.31 
15.88 
18.16 
16.92 
15.21 
18.67 
18.48 
17 -23 
18.14 
18.12 
18.82 
19.22 
15.63 
18.47 
19.44 
16.54 
18.17 

. 00 

.02 

.04 

.07 . OR 

.I2 

.16 

.22 

.80 

.30 

.91 
1.75 
.61 
1.02 
1.52 
1.28 
1.30 
1.54 
1.93 
.38 
.32 

3.44 
9.71 
8.37 
7.16 
1.11 
3.83 
3.90 
2.8! 
4.06 
6.36 
5.53 
1.64 
4.65 
1.43 
2.45 
35.48 
19.52 
26.78 
9.51 
14.36 
24.08 
3.25 

.oo 

.01 

.03 

.01 

.Oh 

.Q8 

.18 

.22 

.89 

.41 
1.21 
2.05 
.?l 
i.10 
1.67 
1.03 
I .03 
2.02 
1.84 
.62 
.81 
3.63 
9.84 
8.24 
7.15 
2.22 
5.48 
3.89 
2.72 
3.29 
4.34 
5.12 
1.62 
5.05 
2.71 
2.06 
19.60 
27.36 
27.93 
9.90 
15.85 
24.65 
4.86 

. 00 

.01 

.18 

.23 

.06 

.33 

.16 

.66 

.76 
1.78 
.88 

2.53 
.95 
1.02 
1.63 
1.86 
1.21 
2.20 
1.98 
3.31 
3.56 
4.94 
8.91 
7.18 
6.09 
3.50 
5.80 
4.95 
4.45 
3.91 
25.34 
22.71 
15.67 
12.42 
71.43 
189.04 
104.85 
128.81 
126.75 
149.52 
144.04 
213.55 
150.22 

. 00 

.01 

.02 

.01 

.05 

.Ob 

.15 

.14 

.70 

.27 

.57 
1.67 
.34 
.70 
1.50 
.77 
.75 

1.23 
1.50 
.12 
.31 

3.43 
8.36 
7.04 
5.94 
.79 

3.52 
3.86 
2.02 
2.42 
4.43 
,42 

I .79 
3.98 
6.38 
4.32 
60.42 
60.10 
28.17 
38.29 
126.68 
142.78 
123.17 

.oo 

.01 

.18 

.23 
- 0 6  
. 3 3  
.16 
.66 
.76 
1.78 
.88 

2.53 
.95 
1.02 
1.63 
1.86 
1.21 
2.20 
1.98 
3.31 
3.56 
4.94 
8.91 
7.18 
6.09 
3.50 
5.80 
4.95 
4.45 
3.91 
25.34 
22.71 
16.67 
12.42 
71.43 
189.04 
104.85 
i28.81 
126.75 
140.52 
144.04 
213.55 
150.22 

41 



Table 6: Mode Shape Comparisdn (Concl) 
Case B = 71% of Available Modes 

% Diff for Various Modal Coupling Tech. 
--------------------_____^____._______^_---------------------------------------- 

Mode Exact Freq 
- No (HZ) IMSL I / F  RFSWOM RF IWM RFIWOM 

47 18.33 4.54 5.77 250.51 144.13 250.51 
48 18.25 62.46 70.50 553.15 77.72 553.15 
49 19.16 57.97 66.55 965.00 130.07 985.90 
50 19.29 114.23 116.94 930.68 128.01 930.68 

4 2  



Table 7: Mode Shape Comparison 
Case C = 46% of Available Modes 

% Diff for Various Modal Coupling Tech. ------------------------------------------------------------------------------- 
Mode Exact Freq 

RF I WOM No (Hz) I M L  X/F RRSWOM RFIWM 

4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 

14.84 
13.95 
1'3.45 
13.50 
12.23 
11.21 
9.54 
8.75 
13.25 
10.51 
11.49 
11.24 
14.55 
13.16 
13.99 
15.47 
13.49 
12.74 
14.25 
16.56 
18.06 
17.70 
17.29 
16.94 
17.58 
17.06 
16.31 
15.86 
18.16 

.02 

.18 

.47 

.31 

.54 

.1.59 
1.10 
2.79 
2.50 
1.92 
4.84 
8.72 
3,33 
9.03 
11.17 
12.62 
13.23 
7.56 
16.60 
6.01 
4.87 
17.82 
68.71 
72.98 
103.74 
81.82 
110.88 
95.31 
101.15 

.02 .03 

.04 .03 

.45 .49 

.10 .55 

.23 .18 
1.30 2.00 
.74 .41 

3.01 3.61 
3.48 2.42 
2.35 9.62 
7.14 5.19 
9.37 8.63 
4.77 3.71 
90.46 13.85 
10.37 13.28 
11.13 68.73 
10.81 81.34 
16.01 46.68 
19.11 54.62 
5.57 23.28 
9.79 29.15 
16.45 35.79 
127.43 50.09 
144.11 134.45 
98.65 152.44 
139.33 166.49 
130.70 145.30 
153.24 243.63. 
122.19 695.80 

.02 

.03 

. '31  

.13 

.16 

.90 

.36 
1.79 
1.79 
2.83 
3.83 
5.92 
1.62 
5.90 
7.67 
9.12 
7.28 
10.40 
20.68 
97.95 
145.42 
155.65 
124.74 
120.45 
150.49 
128.91 
111.59 
141.77 
128.54 

.03 

.03 
-49 
.55 
.18 
2.00 
.41 

3.61 
2.42 
9.62 
5.19 
8.63 
3.71 
13.85 
13.28 
68.13 
81.34 
46.68 
54.62 
123.25 
129.15 
135.79 
150.09 
134.45 
152.44 
166.49 
145.30 
243.62 
695.89 

43 



Table 8: Mode Shape Comparison 
Case F = 27% of Available Modes 

X Diff for Various Modal Coupling Tech. ............................................................................... 
Mode Exact Freq 
No (Hz) IMSL I/F RFSWOM RFIWM RF I WOM 

4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 

14.84 
13.95 
13.45 
13.70 
17.23 
11.2! 
9.54 
8.75 
13.25 
10.51 
11.49 
I! .24 
14.55 
13.16 
13.99 
15.47 

.04 

.24 

.71 
1.02 
.74 

2.58 
2.84 
10.05 
10.96 
7.03 
29.41 
33.59 
30.24 
111.59 
123.87 
148.78 

.05 
a07 
.89 
.20 
.39 

2.75 
2.19 
9.34 
11.05 
7.59 
33.79 
66.95 
113.08 
138.72 
139.93 
127.29 

4 06 
.26 

2.63 
8,. 69 
1.48 
4.62 
1.40 
38.19 
65.52 
128.49 
159.45 
167.22 
161.12 
161.33 
148.55 
379.09 

.03 
a 06 
.71 

2.36 
.42 

1.96 
.98 

23.43 
28.35 
53.35 
43.11 
88.27 
119.44 
140.08 
132.90 
127.01 

.06 

.26 
2.63 
b.69 
1.48 
4.62 
1.40 
38.19 
65.52 
128.49 
159.45 
167.22 
161.12 
161.33 
148.55 
379.09 
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Table 9 
Comparisons of Maximum Absolute Value8 of Interface Loads 

Case A = 100% of Available Mo.’ee 

Percent Difference - ABS. Max. Loads 
Load No. Exact Load tlbs) IMSL IIF RFSWOM RFIWM--- RFIWOM 

1 -48 1.999 
3 -202.1 78 
5 -498.819 
7 474.713 
9 191.901 

11 486.870 

0. -.oo 3419.46 
0. -.OO 10154.67 
0. . 00 3957.31 - 
0. -.oo 2208.7 1 
0. -.OO 22733.86 
0. .OO 17322.92 

. 00 -.05 . 00 -.OS 
..oo .I1 . 00 -.03 . 00 -.02 . 00 .03 

IMSL = Inertial Coupling W/ Mass and Stiffness Loading 
I/F = Interface Method of Inertial Coupling 
RFSWOM = Residual Flexibility with Stiffness Coupling, without Residual Mass 
R F I W  = Residual Flexibility with Inertial Coupling, with Residual Mass 
RFZWOM = Residual Flexibility with Inertial Coupling, vi-thout Residual Mass 



Table 10 
Compar isons of Maximum Absolute Values of Interface Loads 

Case B = 71% of Available Modes 

Percenr. Difference - ABS. Max. Loads 
RF IWOM - 5o.d No. Exact Load ( 1Ss) IMSL I/F RFSWOY RF IWM 

-_I 

1 -48 1.999 
3 -202.138 
5 -498.819 
7 474.713 
9 191.901 
11 486.870 

.10 -.OO 2.08 .10 - .38 

.26  .27  2 . 6 2  . 7 7  . 26  

.12 .13 - .13 .14 -.20 

. 1 7  .15 -1 .36  .18 . 2 2  

.15 .13 .26  .13 - . 2 4  

.19 .19 2.00 .24 -. 10 

'MSL = Inertial Coupling W/ Mass End Stiffness Loading 
A / F  = Interface Method of Inertial Coupling 
RFSWOM * Residual Flexibility with Stiffness Coupling- wiLhout Residual Mass 
RFIWM 
RFIWOM Residual Flexibility with Inertial Coupling, vithout Residual Mass 

Residual Flexibility with Inertial Coupling, with Xesidual Mass 
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Tnble 1 1  
Comparisons of Maximum Absolute Values of Interface Loads 

Case C 46% of Aveilable Modes 

Fetcent Dilference - ABS. Max. Loads - Load No. Exact Load (lbs) XMS L I/F RFSWOM RF IWM RF IWOM 

1 -58 1.999 
? -202. I38 
5 -498.8 1 9 
7 474.7 13 
9 19 1.901 

11 486.870 

-1 .32  - 1 . 2 9  -4.07 -1.09 . ? 9  
2.54 2.93 I .  10 2 , 4  :I 1. I 9  

. 2 5  .3Y - 7 . 3 7  . ft5 . 1 l  
-1.48 -1.h.3 2 . 9 3  -1 .36  - . 3 4  
'00 -. I %  -25 -44 - .07 - 1  .ft8 

- .85 -.7? - 3 .  a3 - . ? R  - . ?  \ 

XHSL = Inertial Coupling W/ Mass and S t i f f n e s s  Loading 
I/F p Interface Method of .nertial Ccupling 
RFSWOM = Residual Flexibility with Stiffness Coupling, without Residual Mass 
RFIWM 
RFIWOH 

Residual Flexibility with Inertial Coupling, w i t h  Residual Mass 
Residual Flexibility with Inertial Coupling, without Residual Mass 



Table  12 
Comparisons of Maximum Absolute  Values of I n t e r f a c e  Loads 

Case F = 27X of Avai l ab le  Modes 

Pe rcen t  D i f f e rence  - ABS. Max. Loads 
Load KO. Exact Load ( l b s )  IMSL I / F  RFSWOM RF IWM RFIWOH 

1 -48 1.999 
3 -202.138 
5 -498.819 
7 474.713 
9 191.901 

11 486.870 

-2.45 -2.88 6.38 -6.66 -2.60 
3.04 -2.85 5.68 -10.99 .27 

-2.24 -2.61 8.02 -4.49 -1.85 
-3.82 -4.44 10.81 -8.79 -10.31 
-2.79 -.54 21.52 -7.54 -14.78 

-.08 -.48 1 7  -06 -4.28 -7.60 

IMSL = T n e r t i a l  Coupling W/ Mass and S t i f f n e s s  Loading 
I / F  = 1nti:rC:icv Method of Lricrt inl  C o u p l i n g  
RFSWOM = Residual  F l e x i b i l i t y  w i t h  S t i f f n e s s  Coupling, wi thout  Residual  Mass 
RFIWM = Residual  F l e x i b i l i t y  w i t h  I n e r t i a l  Coupling, w i th  Residual  Mass 
RFIWOM = Residual  F l e x i b i l i t y  w i t h  I n e r t i a l  Coupling, w i t l i o c l t  Residual  Mass 
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Another comparison s tudy  of modal s y n t h e s i s  methods was conducted by 
W. Benfield,  C. Bodley and G. Morosow. Here a r e  a few e x t r a c t s  
from t h a t  pub l i ca t  ion. 

Some of t h e  ear l ies t  formal documentation on modal s y n t h e s i s  is  
a c c r e d i t e d  t o  Hunn and Gladwell. 
accuracy, they a r e  r e s t r i c t e d  t o  s t r u c t u r e s  w i t h  s t a t i c a l l y  
determinate  i n t e r f a c e s  and have been somewhat overshadowed by more 
recent  developments. In  t h i s  pcper,  only methods a p p l i c a b l e  t o  
redundant i n t e r f a c e  connec5ions are compared. 

Although t h e i r  methods y i e l d  good 

Hurty developed t h e  f i r s t  modal s y n t h e s i s  method capable  o f  analyzinp 
s t r u c t u r e s  with redundant i n t e r f a c e  connections.  In  t h i s  method, t h e  
component v i b r a t i o n  modes a r e  determined wi th  a l l  i n t e r f a c e  
coord ina te s  f ixed ,  and are t h u s  c a l l l e d  f ixed -cons t r a in t  modes, and 
f ixed -cons t r a in t ,  n a t u r a l  v i b r a t i o n  modes are used as t h e  gene ra l i zed  
coord ina te s  t o  determine t h e  modes of  t h e  system. 

Bajan and Feng and Craig and Bampton introduced t h e  concept o f  using 
only c o n s t r a i n t  modes, t h u s  e l i m i n a t i n g  t h e  need to d i s t i n g u i s h  
rigid-body modes and redundant c o n s t r a i n t  modes. 
f i xed -cons t r a in t ,  n a t u r a l - v i b r a t i o n  modes of  each component are 
determined i n  t h e  same manner a s  i n  Hurty's  method. 
modes and f i x e d r o n s t r a i n t ,  n a t u r a l - v i b r a t i o n  modes are then  used as 
t h e  gene ra l i zed  Coordinates t o  determine t h e  system modes. 

The 

The c o n s t r a i n t  

Goldman developad a method of v i b r a t i o n  a n a l y s i s  u s ing  dynamic 
p a r t i c i p a t i n g .  In h i s  method, t h e  component v i b r a t i o n  modes are 
f r e e - f r e e ,  r a t h e r  t han  f ixed -cons t r a in t  modes. Rigid body modes and 
s e l e c t e d  component v i b r a t i o n  modes are used t o  s o l v e  t h e  
in t e rconnec t ion  problem. 
modes. The component f r ee - f r ee  v i b r a t i o n  modes are then  used as 
gene ra l i zed  coord ina te s  t o  determine t h e  modes of t h e  system. 

This e l i m i n a t e s  t h e  need f o r  c o n s t r a i n t  

Hou has descr ibed a method f o r  mclfal s y n t h e s i s  t h a t  a l s o  uses  
f r ee - f r ee  component v i b r a t i o n  modes. 
Selected component modes are used t o  connect t h e  components 
t oge the r .  
reducing t h e  number of  independent,  gene ra l i zed  c o o r d i n a t e s  by an 
amount equal  t o  t h e  number of system i n t e r f a c e  coord ina te s .  

Cons t r a in t  modes are not used. 

These modes t h e n  become dependent c o o r d i n a t e s  t h u s  

Benf i e l d  and Hruda presented a method of  component mode s u b s t i t u t i o n  
us ing  e i t h e r  f r ee - f r ee  o r  cons t r a ined  component modes c a l l e d  branch 
modes. Constraint  modes are used f o r  cons t r a ined  components, but 
t h e s e  are reduced t o  dependent coord ina te s  r a t h e r  t h a n  c a r r i e d  i n  t h e  
s o l u t i o n  as independent coord ina te s .  Only t h e  component v i b r a t i o n  
modes are used as gene ra l i zed  coord ina te s  t o  determine t h e  sys tem 
modes. 
interface- loaded component modes t o  improve t h e  accuracy o f  t h e  
s o l u t i o n .  

In  a d d i t i o n  they  a l s o  presented t h e  concept o f  u s ing  
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I n  gene ra l ,  t h e  methods t h a t  used constrained-component v i b r a t i o n  
modes produced more a c c u r a t e  r e s u l t s  t han  those  t h a t  used f r e e - f r e e  
v i b r a t i o n  modes. Furthermore, methods t h a t  used component mass and 
s t i f f n e s s  matrices were more accura t2  than  those  t h a t  d i d  not .  

The f e a t u r e s  of  t h e  methods can be sunmarized as follows. 

Method 1 - Benfield and Hruda, Free-Free Component Modes 

- Less nccurate  

- Uses f r ee - f r ee  component modes 

- Easy t o  u s e ,  s i n c e  no c o n s t r a i n t  modes o r  ma t r ix  i n v e r s i o n s  a r e  
used. 

- Requires mass and s t i f f n e s s  matrices f o r  t h e  components. 

Method 2 - Benfield and Hruda, Free-Free Component Modes, w i th  
I n t e r f a c e  Loading 

- Good accuracy 

- Uses f r ee - f r ee ,  interface- loaded component modes 

- Requires c o n s t r a i n t  modes o r  reducing t r ans fo rma t ions  f o r  each 
component. 

- Requires mass and s t i f f n e s s  ma t r i ces  f o r  t h e  conponents. 

- Requires i n t e r f a c e  loading of component modes. As a r e s u l t ,  
o t h e r  a t t ached  components a f f e c t  t h e  component modes. 

Method 3 - Benfield and Hruda, Constrained Component Modes 

- Good accuracy 

- Uses constrained-component branch modes. 

- More d i f f i c u l t  t o  set up f o r  many components 

- Requires c o n s t r a i n t  modes f o r  each component 

- Requires mass and s t i f f n e s s  matr icea f;r t h e  components 
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Method 4 - Benfield and Hruda, Constrained Component Moder wi th  
I n t e r f a c e  toadin& 

- One of t h e  most a c c u r a t e  

- Uses constrained-component branch modes 

- More d i f f i c u l t  t o  set up for many components 

- Requires c o n s t r a i n t  modes fo r  each component 

- Requires mass and s t i f f n e s s  ma t r i ces  f o r  t h e  components 

- Requires i n t e r f a c e  loading of component modes. As a r e s u l t ,  
o t h e r  a t t a c h e d  components affect  t h e  component modes. 

Method 5 - Hurty 

- On? of t h e  moat a c c u r a t e  

- User f i x e d  i n t e r f a c e  component modes 

- Requires mass and s t i f n e s s  matrices f o r  t h e  components 

- System rigid-body and redundant i n t e r f a c e  gene ra l i zed  
coord ina te s  must be r e t a i n e d  as a d d i t i v n a l  deg rees  of  freedom i n  
t h e  modal s o l u t i o n .  
i n t e r f a c e  coord ina te s ,  t h e  number of  component modes used may be 
1 imited.  

For s t r u c t u r e s  having a l a r g e  number of 

Method 6 - Bajan and Fcng, and Craig 8nd Bampton 

- One of t h e  most accu ra t e  

- Uses f i x e d - i n t e r f a c e  component modes 

- Requires c o w t r a i n t  modes. This  method i s  more convenient t o  
use r i n c e  it  is  not necessary t o  i d e n t i f y  s t a t i c a l l y  determinate  
and redundant i n t e r f a c e  coord ina te s .  

- Requires mas8 and s t i f f n e s s  matrices f o r  t h e  components. 

- Syrtam i n t e r f a c e  gene ra l i zed  coord ina te s  muat be r e t a i n e d  as 
a d d i t i o n a l  degrees  of freedom i n  t h e  modal s o l u t i o n .  For 
s t r u c t u r e s  having a l a r g e  number of i n t e r f a c e  conneci ions,  t h e  
number of  component modes used may be l imi t ed .  



Method 7 - Coldman 

One of  t h e  least accu ra t e .  

Uses f r ee - f r ee  component modes. 

Modal s e l e c t i o n  i s  important.  A matrix inve r s ion  is requ i r ed ,  
and t h e  ma t r ix  must have t h e  same s i z e  a s  t h e  number of  
i n t e r f a c e  coord ina te s .  Since an i l l - cond i t ioned  inve r s ion  may 
r e su l t  from improperly s e l e c t i n g  t h e  component modes, i t  i s  
d e s i r a b l e  t o  have as few i n t e r f a c e  coord ina te s  a s  poss ib l e .  

The modal s t i f f n e s s  ma t r ix  i s  nonsymmetric 

Does not r e q u i r e  mass and s t i f f n e s s  matrices f o r  t h e  
components. Thus, sys tem modes may be syn thes i zed  us ing  on ly  
t h e  component modes. 

The f i r s t  n modes i n  t h e  s y s t e m  eigenvalue-eigenvector  s o l u t i o n  
a r e  not usable .  (Here n is  equa l  t o  t h e  number o f  sys t em 
i n t e r f a c e  connect i ons ) .  

Method 8 - Hou 

- One of t h e  l e a s t  a c c u r a t e  

- Uses free-free Lomponent modes 

- Modal s e l e c t i o n  i s  important.  A nonsymmetric ma t r ix  inve r s ion  
is r equ i r ed ,  and t h e  matr ix  m u s t  have t h e  same s i z e  a s  t h e  
number of i n t e r f a c e  connect ions.  An i l l - c o n d i t i o n e d  inve r s ion  
may resul t  from improperly s e l e c t i n g  component modes. Thus, i t  
i s  d e s i r a b l e  t o  have as few i n t e r f a c e  coord ina te s  as p o s s i b l e .  

- Does not r e q u i r e  mass and s t i f f n e s s  ma t r i ces  for  t h e  
components. Therefore ,  s y s t e m  modes may be syn thes i zed  us ing  
only t h e  component modes. 

- The rumber of Component modal coord ina te s  u s e d  i n  t h e  sys t em 
iiiodal s o l u t i o n  is reduced by n (where n is equa l  t o  t h e  number 
of  s y s t e m  i n t e r f a c e  c o o r d i n a t e s ) .  



B. SiIORT-CUT TECHNIQUES 

1. In t roduc t ion  

Jn Sec t ion  A we discussed s e v e r a l  techniques t o  o b t a i n  t h e  response 
of  a booster /payload system. 
s o l u t i o n  of t h e  coupled booster/payload equa t ions ,  i.e., t hey  are 
" fu l l - sca l e"  methods. 
expensive,  e s p e c i a l l y  i f  i t  has t o  be repeated s e v e r a l  times, for example 
du r ing  a design e f f o r t .  
design e f f o r t  a r e  o f t e n  sma l l ,  c u r r e n t  p r a c t i c e s  used t o  des ign  .rayload 
s t r u c t u r e s  r e q u i r e  
changes i n  t h e  payload a r e  made. A similar s i t u a t i o n  e x i s t s  i n  t h e  case  
of  payloads t h a t  are designed f o r  m u l t i p l e  f l i g h t s  w i th  moderate 
conf i g u r a t  i on  ,changes. 

A l l  t h e s e  techniques n e c e s s i t a t e  t h e  

As w e  po ia t ed  o u t  be fo re ,  t h i s  s o l u t i o n  is q u i t e  

Although mass and s t i f f n e s s  changes du r ing  a 

a new " fu l l - sca l e"  s o l u t i o n  eve ry  t i m e  such small 

A need e x i s t s  f o r  t h e  development o f  "short-cut" methods. The term 
"short-cut" method implies  t h a t  t h e  method should be a b l e  t o  e v a l u a t e  
small changes i n  t h e  payload i n  a r e l a t i v e l y  s h o r t  time. 
short-cut  method should avoid t h e  d i r e c t  s o l u t i o n  of  t h e  coupled 
equat ions of  t h e  booster lpayload system. Secondly, it should avoid as 
much as p o s s i b l e  t h e  i n t e r f a c i n g  between d i f f e r e n t  o rgan iza t ions .  
means t h a t  one should s t r i v e  towards as much independence f o r  t h e  payload 
design o rgan iza t ion  as p s s i b l e  . 

F i r s t ,  a 

This 

The o s j e c t i v e  then  of Sec t ion  B is t o  present  s e v e r a l  of t h e  most 
promising of  t hese  short-cut  methods. 
discussed i n  t h e  next s e c t i o n .  

The f i r s t  o f  t h e s e  methods w i l l  be 

2. The Per tu rba t ion  Technique 

In t h i s  s e c t i o n  we  s h a l l  d i s c u s s  a short-cut  method which is  based on 
a w e l l  known p e r t u r b a t i o n  technique. We s h a l l  f i r s t  d i s c u s s  t h e  
p e r t u r b a t i o n  technique i n  gene ra l  terms and then  apply it t o  t h e  
p a r t i c u l a r  problem o f  a booster/payload system. 

Let u s  cons ide r  a set of  equa t ions  o f  motion o f  a c e r t a i n  s t r u c t u r e ,  

where [Mo] and [ % I  are t h e  mass and s t i f f n e s s  matr ix  of t h e  
s t r u c t u r e ,  r e spec t ive ly .  
d i s c r e t e  displacement and f o r c e  vec to r s .  
a s s o c i a t e d  with Equation (104) can be w r i t t e n  as 

The v e c t o r s  i x)  and iF) a r e  t h e  gene ra l i zed  
The eigenvalue problem 
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The s o l u t i o n  of  t h i s  e igenvalue problem y i e l d s  a modal m a t r i x  [+o] and 
a diagonal  e igenvalue ma t r ix  f sat i s f y i c g  

Next, l e t  u s  assume t h a t  t h e  elements of [%I and [KC)] undergo 
small  changes, so t h a t  t h e  new sys t em of  equa t ions  can be w r i t t e n  as 
fo l lows  

with 

*here E i s  a small  parameter siich t h a t  

Note t h a t  t h e  matr ix  d i f f e r e n c e s  on t h e  right-hand s i d e s  of  Equations 
(109) a r e  small, so t h a t  i t  i s  easy  t o  determine a s m s l l  f so t h a t  [MI] 
and [Kl] are of  t h e  same o r d e r  of magnitude as [MI, [ M o l  and [K], 
[KO1 

The o b j e c t i v e  of  t h e  p e r t u r b a t i o n  technique i s  t o  o b t a i n  a s o l u t i o n  
f o r  t h e  new eigenvalue problem a s s o c i a t e d  with Equation (107).  

without a c t u a l l y  so lv ing  Equation (110).  To t h i s  end, l e t  us  wri te  



This  can be  done because of t h e  small changes in [Mol and [KO] as 
expressed i n  Equation (108). Also, 

where {qo) and C q) are t h e  n o m a 1  coord ina te  v e c t o r s  of  t h e  unperturbed 
and per turbed system, r e s p e c t i v e l y ,  i .e. 

with 

( 1 1 7 )  

F i r s t ,  let us  s u b s t i t u t e  Equation (116) i n t o  Equation (107) and 
premult i p l y  by [@IT y i e l d i n g  

S u b s t i t u t i n g  Equations (1121, (113) and (114) i n t o  Equation (118) and 
equa t ing  c o e f f i c i e n c s  of l i k e  powers o f E ,  w e  can  write, 

It is now p o s s i b l e  t o  so lve  Equations (119, 120, e t c . )  i n  sequence. 
?%e f ’ : r a t  of Equations (119) r e p r e s e n t s  t h e  unperturbed equa t ion  of 
-xti>il, i.e., t h e  modal form of  Equation (104). 
a v a i  a b l e  o r  can be determined. 

This s o l u t i o n  i s  

rhce t h e  v e c t o r  5 qo) i s  determined one can so lve  Equation (120) i f  
[&I] and [-I are known. 
sub jec t  of  t h e  next paragrapl-. 

The de te rmina t ion  o f  t h e s e  ma t r i ces  i s  t h e  
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F i r s t ,  it i s  always p o s s i b l e  t o  write [ci!1] as a l i n e a r  combination 
of t h e  e igenvec to r s  [+()I, 

because wO] i s  a complete set  of  v e c t o r s  ( i . e . ,  t hey  can be used as a 
b a s i s  f o r  a v e c t o r  space) .  Note t h a t  [d] r e p r e s e n t s  t h e  c o e f f i c i e n t  
ma t r ix  of  @o] i n  t h e  l i n e a r  combination and must s t i l l  be  determined. 
To t h i s  end, l e t  us  in t roduce  Equations (1081, (1121, (113) and (121) 
i n t o  Equation (1171, rn and only keep terms inFc a n d & ,  

I Equating c o e f f i c i e n t s  o f  l i k e  powers i n  and E we o b t a i n  from 
Lquations (122-123) 

Equations (124-125) can now be solved for kbl] and [ a l l .  This 
enab le s  use t o  s o l v e  Equation (120) f o r  { q l l ,  so t h a t  from Equation 
(114) w e  o b t a i n  t h e  f i r s t  o r d e r  approximation 

and from Equation (116) we  o b t a i n t x )  where w e  use 

= C403 + [q (127) 

This p e r t u r b a t i o n  technique can now be a p p l i e d  t o  a booster /payload 
s i t u a t i o n .  
t h e  payload, i .e . ,  

The assumption i s  t h a t  only changes of  o rde r  E a r e  made i n  
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where [Mpg] and [Kpg] are the mass and s t i f f n e s s  matrices of the 
unperturbed payload Po. 
i n  Equation ( 2 5 )  f o r  the perturbed payload P. 

Let us wri te  the  mass and s t i f f n e s s  matrices 

with  

Using Equation (128) we can wri te  IS,] as 

and, keeping terms in E only ,  w e  obta in  

o r  

with 

It is  now poss ib le  t o  wri te  ITp]  as 

I T P I  = P p o l  + E PTpJ 
w i t h  

(133) 

(136) 

(137) 
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F i n a l l y  w e  can wri te  t h e  mass and s t i f f n e s s  ma t r i ces  of  t h e  coupled 
booster /payload s y s t e m  as fol lows 

where C i n d i c a t e s  Coupled. 
expressions (129). Taking i n t o  account Equations (128) and (136) w e  c8n 

Matr ices  [Mc] and [KC] are given by 

and 

1, 

I 1" K 1 , PO P I  1'0 
0 

where (Tpg]  and [ T p l ]  a r e  given by Equation (137). Equation (138) i s  
now equivalent  t o  Equation (108) and t h e  p e r t u r b a t i o n  technique can be 
appl ied.  

Note t h a t  t h T o r e t i c a l l y  one can a l s o  o b t a i n  t h e  higher-order 

3 
p e r t u r b a t i o n s  &- , t' , e t c .  
p e r t u r b a t i o n s  a r e  included. 
, e t c .  terms are. It is  evident  t h a t  Equation (111) is only vaild as 
long as t h e  asymptotic expansion i n &  does not break down, i .e . ,  as long 
a s  E i X , ;  - z ~  i x c  j , e t c .  There a r e  indeed c a s e s  where such an 
asymptotic expansion breaks down. 
o t h e r  p e r t u r b a t i o n  techniques (e .g .  L i g h t h i l l ,  m u l t i p l e  s c a l e s ,  e t c ) .  In 
t h i s  connection i t  i s  important t o  recognize t h e  f a c t  t h a t  small  changes 
i n  t h e  mass and s t i F f n e s s  of  t h e  payload produce small changes ir. t h e  
eigenvalues  b u t  n o t  n e c e s s a r i l y  i n  t h e  n o d e s .  

But f o r  a l l  p r a t i c a l  purposes only & 
The ques t ion  then  i s ,  how important E' , E 

It i s  then necessary t o  in t roduce  
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3. The Base Drive Technique 

In  t h i s  s e c t i o n  we s h a l l  d i s c u s s  t h e  Base Drive Technique 3s 
developed by A. Devers , e t  . a l .  Let u s  f irst  r e c a l l  Equation (91) i n  
p a r t  it ioned form , - 

- rT&PIPl - k:',lJ - [TiKBTB+'I'Fl$,Tp] {x:R/ j 
where w e  solved f o r  iBR i n  Equation (144) L l  

The payload des igne r  i s  p r imar i ly  i n t e r e s t e d  i n  p r e d i c t i n g  tk? 
response o f  t h e  payload which is given by 

P 

I X 
w i t h  

(145) 

(146) 

Ri7 
where {x;) and i X  )must ;e comp:ted from Equations (142-144) and i ~ ; ~ i  
from Equation (905. 

The idea  of' a base d r i v e  short-cut  method is  t o  approximate{Xrj  i n  
* I  R 

Equation (144) i n  auch a way as t o  avoid t h e  sol\!t;ion of t h e  complete set  
(142-144). To e v a l u a t e  a p a r t i c u l a r  short-cut  mcinod , t h e  approximation 
of  c x f ]  must be compared t o  t h e  exact  value given by Equation (144). 

i n t e r f a c e  i s  s t a t i c a l l y  de t e rmina te ,  i.e. , when 
A s i g n i f i c a n t  s i m p l i f i c a t i o n  of Equation (144) occurs  when t h e  

- 8  RiZ PI= * .R  
This e l i m i n a t e s  t h e  dependence of {A 1 on { x r  1 and {AL /,and { X I  f 1: 

becomes , 
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A f i r s t  p o s s i b i l i t y  i s  t o  assume t h a t  t h e  presence of t h e  payload has  
'- dR no e f f e c t  on t h e  response o f  t h e  boos te r ,  i .e . ,fxr f=iof .  

approach is ca' : ied t h e  Direct Base Drive Technlque o r  Open Lo-p Base 
Drive. 

This 

Indeed i f  iXMf=;of t h e n  Equation (143) becorncs 
1 

which means t h a t  t h e  pqyload is  " d i r e c t l y "  drivel.  a t  i t s  base (i.e. i t a  
inLerface wi th  t h e  boos te r  B) by t h e  f o r c e  on t h e  r i g h t  hand s i d e  of  
Equation (149). T h e o r e t i c a l l y  , t h e  Direct Base Drive Technique assumes 
t h e r e  is  no coupl ing a t  a l l  between t h e  boos te r  and t h e  payload. 
P r a c t i c a l l y ,  it means t h a t f ~ m ~ ~ ~ { ~ ~ / o r  t h a t  t h e  feedback of t h e  payload 
i s  n e g l i g i b l e .  
i s  s t i l l  a n  unanswered ques t ion .  The development of a c r i t e r i o n  or 
v a l i d i t y  of t h e  use of  t h e  Direct. Rase D r i v e  Technique should be 
considered. 

The condicions under which s m h  an approximation is  v a l i d  

4. The Impedance Technique 

In  t h i s  s e c t i o n  we s h a l l  discuE:-; ye t  another  approaih t o  t h e  s o l u t i m  
of t h e  equa t ions  of motion of t h e  booster lpayload system. 
Technique as developed by K. Payne i s  bas i ca l :  * a f 11-scale method i n  
t h e  sense t h a t  it does not make any aesumptions concerning t h e  s i z e  of 
t h e  payload nor  t h e  e x t e n t  of t h e  changes made i n  t h e  payload. 
t h e  method does avoid a full-ecsJ:  s o l u t i o n  of t h e  coupled 
booster /payload equa t ions  of mot i o n  and i s  p a r t i c u l a r l y  s u i t e d  t c  d e a l  
w i th  small changes i n  t h e  paylo&. 
e s s e n t i a l l y  a Base Drive method (see Sec t ion  3). 
approach i n  S e c t i o  3. i n  t h e  manner i n  which t h e  i d e r f a c e  
a c c e l e r a t i o n s  [ XI are computed. Indeed, t h e  i n t e r f a c e  
a c c e l e r a t i o n s  w i l l  be computed i n  t h e  Frequency domain i n s t e a d  o f  the 
d i s c r e t e  t i m e  domain thereby e s s e n t i a l l y  conve r t ing  iz set  of  d i f f e r e n t i a l  
equat ions i n t o  a set of  i l g e b r a i c  equat ions.  

The Impedance 

However, 

The Impedance Technique i s  
It d i f f e r &  from t n e  

.. & 

Let  U B  now d e r i v e  tk.e necessary equat ions.  F i r s t .  r e c a l l  e q u a t i o n  
I O  \ 

and write t h e  t o p  and bottom p a r t i t i o n s  s e p a r a t e l y ,  

(152? 
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where we invokeA Equation ( 2 )  and assumed t h e  e x t e r n a l  payload fotcpq - -  
t o  be absent ((PPI = (01). Next, w e  ; n t r d J c e  a n  equa t ion  similar t o  
Equation (87) .  

L lere t h e  F-vector  r e p r e s e n t s  t h e  boos te r  response due t o  t h e  e x t e r n a l l v  
appl ied fo rce  v e c t o r  iFBtan6 t h e r e f o r e  s a t i s f i e s ,  

and t h e  R-vector  r e p r e s e n t s  t h e  response of  t h e  boos te r  due t o  t h e  
feedback of t h e  payload and s a t i s f i e s  

Applying t r ans fo rma t ion  (32) t o  Equation (154) y i e l d s ,  

We now cons ide r  Equation (153) and r e c a l l  Equation (41, 

Keeping t h e  bottom p a r t i t i o n  i n  Equation (157) y i e l d s  

where w e  now included t h e  aeoendence of t h e  v e c t o r s  on t h e  d i s c r e t e  
Taking t h e  Laplace Transform (with ze ro  i n i t i a l  c o n d i t i o n s )  of  t i m e  t .  

both sides of  Equation (158) i n t roduc ing  t n e  t r a n s f v r m a t i o n s $  (with s = 
Laplace v a r i a b 1 e ; A i  = t h e  i t h  input  frequency; and j = F i v e  can 
write 
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which represents  Equation (158) i n  t h e  frequency domain. Taking the  
second time der iva t ive  of Equation (159) y ie lds :  

The bas ic  idea of t h e  Lnpedance Technique is t o  ca l cu la t e  t h e  
in t e r f ace  acce lera t ions  i*q(jn;)) i n  t h e  frequency domain and then 
transform them back t o  t h e  d i s c r e t e  t i m e  <c=zki. 3.e two terms on t h e  
righthand s ide  of  Equation (160) w i l ? -  be replaced by a lgebra ic  matrix 
expressions so t h a t  t he  ca l cu la t ion  of i2f(LG;)) does not invqlve t h e  
so lu t ion  of a set of d i f f e r e n t i a l  equations. 
term on t h e  right-hand s ide  of Equation (160). 
convert Equation (156) t o  t h e  frequency domain 

L e t  us s t a r t  with t h e  f i r s t  
To t h i s  end le t  us 

or, taking t h e  second t i m e  de r iva t ive  , 

with 

Then t h e  bottom part  it ion of Equation ( 163) 
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Premultiply Equation (162) by 4 and invoking Equation (165) y ie lds  c :3 

or 

with 

Equation (167) then, y i e lds  t h e  f i r s t  term on t h e  right-hand s ide  of 
Equation (160). The matrix A(;f??;) i n  Equation (168) is  the  t r a n s f e r  
admittance from the  points  of appl ica t ion  of t he  ex terna l  forces  i F ~ l  
t o  t he  in te r face  accelerat ions.  

Similar ly ,  Equation (155) can be transformed i n t o  

where t h i s  t i m e  
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i s  the  matrix of coe f f i c i ?n t s  for t h e  point admittance f o r  the  booster a t  
t he  in te r face .  
s ide  of equation (160). However, t h e  reac t ion  vector  fcufl;) is  not 
known a pr ior i .  
which represents  t he  payload equations of motion, and w r i t e  it as 

Equation (169) y i e l d s  t he  second term on he right-hand 

To determine t h i s  vector  let us consider Equation (152) 

where w e  used Equations (5) and (7) .  Introducing the  modal 
transformation (39) and taking i n t o  account the propert ies  (40) we obta in  
from Equation (1711, 

with 

and [$I given by Equation (28). Note t h a t  b] i s  zer  -*hen the  
in t e r f ace  is  s t a t i c a l l y  determinate. 

The top and bottom p a r t i t i o n s  of Equation (172) can be k-r i t ten  as ,  

(173) 

(174) 

64 



Oi ,: I .  

OF f.C-:; I:.. . I' 

We 8h.11 now a8 me t ha t  t h e  in t e r f ace  i r  r t r t i c a l l y  
d . t s ~ i n a t c ( C ~ ~ ] ~ ~ ~ ~ a n d  ca l cu la t e  an exprerr ion for {@) from Kquat ion8 
(175-176). &at ,  we t r a n r f o r r  Equation (175) t o  t h e  frequency d o u i n .  

and from Equation (176) ve obtain,  

from which we obta in  t h e  following expression f o r  (,nil/ 

whe r e  

i s  t h e  impedance matrix of  t h e  payload a t  t he  payload/booster 
in te r face .  F ina l ly ,  we s u b s t i t u t e  Equation (180) i n t o  Equation (1691, 

Combining Equations (1601, (167) and ( 182) y i e lds  

i = 1.2,  ... 



where we a l s o  used Equation (1) .  
.-P.. 

The coef f ic ien t  matrix of i%(Jh!;)fin Equation (183) represents  t h e  
coupled impedance of t h e  boosterfpayload system, and the  r i g h t  hand s i d e  
represents  a pseudo-generalized force.  The in t e r f ace  ,ccelerat ion can 
now be computed from Equation (183) with r e l a t i v e  easz. 

I f  we now consider a new payload on t h e  same booster  and  with the  
same f o r c e i F g ) ,  t he  right-hand s ide  of Equation (183) does not change 
so t h a t ,  

provided the  in t e r f ace  dJes not change. 1 (1) 
x I XI (jQiIl (184) 

.. 
The in t e r f ace  acce lera t ions  ixie$ i n  t he  d i s c r e t e  t i m e  domain can now 

be derived frbm equation (183) o r  Equation (1841, using t h e  inverse 
Laplace Transform. The payload response than follows from Equation ( 1 7 5 ) .  

The approximation involved i n  t h e  Impedance Technique is  imbedded i n  
t h e  transformation t o  arid from t h e  frequency domain. I f  t hese  
transformations were exact ,  t h e  method of determiningi&(t){ would be 
exact.  Therefore, a de t a i l ed  inves t iga t ion  of these  transformations i s  
required. There a r e  a l s o  some problems per ta in ing  t o  t h e  modal damping 
when working i n  the  frequency domain. 

Although Equations (183) and (184) were derived f o r  an undamped 
s t a t i c a l l y  determinate system, it i s  c l e a r  t h a t  damping and s ta t ica l ly  
indeterminate in t e r f aces  can be included. 
becomes necessary t o  keep t r ack  not only of t he  i n t e r f a c e  acce lera t ions  
but a l s o  of the  v e l o c i t i e s  and displacements a t  t h e  inte.face. The use 
of the  Fast Fourier Transform i n  obtaining the  s p e c t r a l  da t a  t o  be  Lsed 
i n  Equations (183-184) presents  some problems. In general ,  however, 
eaough co r re l a t ion  with the  exact t i m e  domain so lu t ion  is apparent t o  
warrant fu r the r  inves t iga t ion  i n t o  possible  improvements. 

For an indetermifiate system it 
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5.  The Generalized Shock Spectrum Technique 

The approach presented i n  t h i s  sec t ion  i s  a generalized vers ion of 
t h e  shock spectruu technique as developed by Bamford. 

In order  t o  explain t h e  bas ic  ideas  underlying t h i s  technique le t  us 
r e c a l l  Equation ( 4 3 )  

and le t  u s  assume we re ta ined M modes for$he  booster (i.e.[+J i s  an I4x.M 
matrix) and N modes f o r  t h e  payload (ie.[qNl is  an NxN matrix)  

maxima without having t o  solve Equation (185). 
model both f o r  t h e  coupled system and t h e  forc ing  funct ion ~ F B $  is 
introduced . 

The bas ic  idea of t h e  shock spectrum technique is  t o  determine load 
To reach t h i s  goal,  a new 

F i r s t ,  t h e  (N + M) modally coupled Equations (185) a r e  replaced by 
(N x M) sets of two simultaneous equations each of which represents  t he  
coupling of one payload made with one booster mode, as follows: 

1 

p 1 . 2 , .  . . .r i  O J  
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where we assumed tha t  t h e  in t e r f ace  is  s t a t i c a l l y  
determinate ( i .e.  [-$~~7'+:] I [o]) 

payload is es tab l i shed .  
forcing funct ion i n  EqI;.tion (186). The r a t h e r  complicated forc ing  
function i s  replaced by a mwh simpler funct ion (e.g., an impulsive 
force)  which produces t h e  same maximum response peak as t h e  o r i g i n a l  
force.  Therefore an ana ly t i ca l  so lu t ion  f o r  both t h e  response and 
maximum response of Equation (186) La poss ib le  ( a f t e r  some addi t iona l  
s impl i f ica t ions) .  
constructed by summing over a l l  t he  individual  modal bounds qBp (over 
absolute  values o r  i n  a root-sum-square sense t h a t  allows f o r  phase 
weighting). 
contr ibut ions of sll payload modal loads. 

Secondly, a bound qBp on each of t h e  (N x M) modal responses of t h e  
This i s  done by introducing a new model f o r  t h e  

F ina l ly ,  a bound qp on t h e  t o t a l  payload response i s  

Payload member loads a r e  obtained by adding the  

As s t a t e d  above, t h e  forcing funct ion i n  Equation (186) i s  replaced 
by a modal d e l t a  funct ion of a c e r t a i n  magnitude FB. 
FB i s  evaluated from an already e x i s t i n g  t r ans i en t  ana lys i s  of  t h e  
booster with o r  without a dummy payload. 

This magnitude 

The x i a h  object ions t h a t  can be r a i sed  against  t he  Shock Spectrum 
Approach are : 

No c r i t i c a l  evaluat ion i s  ava i l ab le  on t h e  v a l i d i t y  of replacing 
model (185) by model (186). 
have on the  load bounds? 
r e s u l t  i n  a too  conservative design but a l s o  i n  an 
unconservative one. Model (186) not only ignores the  coupling 
between the  B-modes due t o  r i g i d  body feedback of P 
importantly it ignores the  e f f e c t s  t ha t  t he  coupling of one 
B-mode with one P m d e  has on a l l  t h e  o ther  P-modes. 

What e f f e c t  does t h i s  replacement 
This change of model could not only 

, but more 

The manner i n  which FS is  ca lcu la ted  again leaves t h e  quest ion 
of whether o r  not t h e  envelope values a r e  ccnservat ive o r  not 
and by bow much. 

The method appears r a the r  complicated and i s  not simple t o  use. 
This can lead t o  misinterpre 'a t ion and confusion when t h e  method 
is  applied. More r i g o r  i n  t h e  mathematical formulation is  
desirable .  

The method can be of d e f i n i t e  use i n  the  f i r s t  s tages  of a design 
e f f o r t .  It leaves the  payload designer  t he  freedom of operat ing 
independently from the  booAter organization. This r e s u l t s  i n  a quick 
tu rn  around time. 
complimented by a more rigorous approach. 

The method could then i n  the  f i n a l  s tages  be 



CHAPTER 11. A PAYLOAD INTEGRATION TECHNIQUE - 
FULL-SCALE VERSIOPI 

1. I n t  roduc t ion  

Present  a n a l y t i c a l  techniques by which des ign  loads  are p red ic t ed  are 
very c o s t l y  and t i m e  consuming. 
c y c l e  usua l ly  is  lengthened iJhen t h e  payload des ign  o r g a n i z a t i o n ,  t h e  
boos te r  o rgan iza t ion  and t h e  payload i n t e g r a t i o n  Organ iza t ion  are 
d i f f e r e n t  companies. Indeed, a f a i r  amount of  coord ina t ion  i s  necessa ry  
t o  make t h e  t r a n s f e r  of information between those  t h r e e  o r g a n i z a t i o n s  
optimal.  Unfortunately,  t h i s  coord ina t ion  i s  very d i f f i c u l t  t o  
e s t a b l i s h ,  r e s u l t i n g  i n  cons ide rab le  t i m e  delays.  Moreover, t h e s e  costs 
and de lays  repeat  themselves f o r  every load c y c l e  ( i . e . ,  eve ry  time a 
change i s  made i n  t h e  b o o s t e r  o r  payload).  
development of t h e  Viking O r b i t e r  System a s  mentioned i n  Chapter I. 

The ca lenda r  turnaround t ime  of a g iven  

A t y p i c a l  example i s  t h e  

The e v e r  i n c r e a s i n g  number of  modal coord ina te s  necessa ry  t o  model 
t o d a y ' s  aerospace s t r u c t u r e s  not  on ly  i n c r e a s e s  t h e  c o s t  o f  a load c y c l e ,  
but a l s o  imposes g r e a t e r  demands on t h e  a n a l y s t  t o  keep t h e  models w i t h i n  
range of  c u r r e n t  computer c a p a b i l i t i e s .  

The o b j e c t i v e  of t h e  p rc sen t  c h a p t e r  i s  t o  develop a " fu l l - sca l e"  
payload i n t e g r a t i o n  method which reduces t h e  c o s t  of  a load c y c l e  and 
w i l l  be ca,able of handl ing ve;y l a r g e  systems. 
" fu l l - sca l e"  method i n  t h e  sense  t h a t  i t  a c t u a l l y  s o l v e s  t h e  coupled 
booster lpayload system equa t ions  and does not involve any a d d i t i o n a l  
approxiillations o r  assumptions as compared t o  t h e  s t anda rd  t r a n s i e n t  
a n a l y s i s .  

This neb approach i s  a 

The c o n f i g u r a t i o n  of m u l t i p l e  payloads connected t o  t h e  b o o s t e r  
through s e p a r a t e  i n t e r f a c e s  i s  t y p i c a l  f o r  most S h u t t l e  missions.  The 
f a c t  t h a t  many of t h e s e  payloads are not  d i r e c t l y  coupled a l lows  f o r  a 
s i g n i f i c a n t  s i m p l i f i c a t i o n  o f  t h e  boostcr lpayloads system equa t ions .  
Superfluous i n t e r f a c e  degrees  of freedom on t h e  boos to r  s i d e  can be 
dccommodated w i t h i n  t h e  formulat ion.  
freedom are those  i n t e r f a c e  deg rees  o f  freedom which are included i n  t h e  
launch v e h i c l e  model but are not connected t o  any payload. 
superf luous i n t e r f a c e  degrees  of freedom arise because t h e  b o o s t e r  
o rgan iza t ion  cannot a f f o r d  t o  r e c o n s t r u c t  a boos te r  model eve ry  time t h e  
i n t e r f a c e  with payload(s)  changes. 

Superfluous i n t e r f a c e  deg rees  o f  

The 

A numerical  i n t e g r a t i o n  Pcheme used t o  o b t a i n  t h e  boos te r /pay load( s )  
system response is  de f ined .  The s t anda rd  approach i s  t o  o b t a i n  t h e  
so-cal led "modal modes" i.e. t h e  coupled system mode8 i n  o r d e r  to 
decouple t h e  sys tem equa t ions .  
of such a system eigenvalue problem. 
i n t e g r a t i o n  scheme i s  used t o  d i r e c t l y  determine t h e  system response.  

The present  approach avoids  t h e  s o l u t i o n  
A Newark-Chan-Beta numerical  
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This technique takes  advantage of t h e  pecul ia r  s t r u c t u r e  of t h e  equations 
of m t i o n  fo r  t he  system. 
s t i f f n e s s  matrices can be eliminated. In f a c t ,  a comparison fea ture  can 
be implemented so t h a t  elements c lose  t o  zero can be omitted,  reducing 
t h e  cost  of t he  in tegra t ion  r o u t i  .e even more. The comparison fea ture  
makes the  fu l l - sca le  method a so-called short-cut method. A fu l l - sca le  
method can be defined as a method which yieLds "exact" r e s u l t s  compared 
t o  the  standard trarrsient ana lys i s  technique, whereas a shor t -cu t  method 
introduces an approximation o r  assumption which leads t o  a more cost-  
e f f e c t i v e  but less accurate  so lu t ion .  

A l l  zero e n t r i e s  of t h e  sys tem mass and 

A Fortran computer program has been wr i t ten  and implemented on t h e  
CDC Cyber 172. 
disddvantages of t he  proposed approach. 

The f i n a l  remarks sec t ion  d iscusses  advantages and 

2. Derivation of t he  Basic Equations 

The object ive of t h i s  sec t ion  i s  t h e  der iva t ion  of t he  equations of 
mozion of t he  launch vehicle/payload(s)  system. 
body diagrams of t h e  booster B and t h e  payload P1 and P2. 
and t h e  payloads a r e  connected t o  each o ther  through t h e  in t e r f ace .  We 
a l s o  consider superfluous in t e r f ace  coordinates.  Indeed, o f t e n  t h e  
booster i n t e r f ace  contains  more degrees of freedom than is necessary t o  
a t t ach  t h e  payloads. 
organizat ion provides a set of i n t e r f ace  r e s t r a ined  booster  modes which 
can be used t o  accommodate many d i f f e ren t  payload configurat ions.  
would be prohib i t iv?  t o  r eca l cu la t e  a set of cant i levered launch vehic le  
modes every time t h e  in t e r f ace  with t h e  payloads changes. 

Figure 3 shows t h e  f r e e  
The booster 

The reason f o r  t h i s  i s  tha t  t he  booster  

It 

From the  f ree  body diagrams i n  Figure 3 w e  can e a s i l y  write t h e  
uncoupled equations of motion f o r  t he  booster B and t h e  payloads P1 and 
~2 (This i s  similar t o  equation ( 3 ) ) :  

(187)  
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F i g u r e 3  Free-Body Diagrams o f  Booster B 
and Payloads P1 and P2 
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Several wel l  known procedures t o  couple the  above three  equations 
were discussed in  p a r t  A of Chapter I. 
eliminate the  redundant i n t e r f ace  displacements and, i n  t h e  process a l so ,  
the  unknown react ion vectors.  
I t  cantilevered" booster and payload displacements. 
discussed i n  sec t ion  A-3f of Chapter I. To set t h e  s tage ,  l e t  us note 
t h a t  we can p a r t i t i o n  the  vectors  i x g )  , $xpl f  , l x p &  , $ PB{ , 
e tc .  as follows, 

Again, the  object ive is t o  

One such technique uses so-called 
Tnis technique was 

9 

Similar pe r t i t i ous  can be wri t ten  fo r  t he  ve loc i t i e s  and t h e  
accelerat ions.  
forces  only ac t  a t  the non-iaterface booster degrees of freedom. This 
assumption i s  only made fo r  convenience. Also lt should be noted tha t  
t h i s  development i s  not l imited t o  two payloads. 

In the  above equations w e  assumed t h a t  the  external. 
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p2 can be { , andSx 
B P1 Next, i t  is easy t o  show that { x , 4 x E /  N t. N J- 

written a8 follows: 

I x;;1 + 

P2 -P2  
i X 1 2 1  + { XN 1 

These equations dre similar t o  Equation (81). 

Using Equetion (189) ana the fact that 

1 =  &,,I P 2  
{ xB I= rxp: 'r 0 IXI2 

11 I1 

we can form the following transformation, 

j o o  I I 
L 4 

(1xIFl )  

( lxIF2)  

( P l x I F l ) ,  Ipl = 

(189) 

(190) 

-'] 0 (PlxNP1) 
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IF  - IF1 + IF2 + IFS 
B - N B  + I F  
P1 = NP1 + IF1 
P2 = kP2 + IF2 

a l s o ,  0 9 ,  t h e  ze ro  ma t r i ces  01, 02, 03, 04, Os, Of, 07, 

'8, ' 9 '  O10J '119'12J '13, and 014 have dimensions dxNP1, 

BxNP2, NPlxIF2, NPlxiFS, PlxNB, PlxNP2, IFlxIF2, I F l x I ~ ' S ,  NP2xLE1, 

NP2xIFS , P2xNB , P2xNP1 , IF2xIF1 and IF2xIF2 r e s p e c t i v e l y  . 
Taking i n t o  account t h a t  t h e  r e a c t i o n s  between i n t e r f a c e s  are equa l  

but oppos i t e  we  can s u b s t i  Le t r ans fo rma t ion  (191) i n t o  Equation (1.87) 
and then premulti.ply by t h e  t r anspose  of t h e  t r ans fo rma t ion  matrix.  
w i l l  e l i m i n a t e  t h e  redundant i n t e r f a c e  displacement v e c t o r s  as w e l l  as  
t h e  r a a c t i o n  vec to r s .  The r e s u l t i n g  equa t ions  are t h e  couple r!iscrete 
equa t ions  of  motion and ckzi be w r i t t e n  as: 

This 

I 

' 0  1 
I 
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where , 

7 

0 01 

- I O  i) 0 O i  

0 

- 
0 

! o  0 
L 

7 

and aga in ,  i t  can be shown t h a t  [IiKBTB!, [F K T 1 end P1 P1 PI 
T [ IT2KpzTp2] alwRys van i sh  and [TAKBTB1, [T P1  K P1 T P1 ] and 

T 
P2 P2 P2 [T K T ] vanish when t h e  corresponding i n t e r f a c e  i s  determinate .  

Next, w e  c -rodlice ti12 i n t e r f a c e  r e s t r a i n e d  modes, i.e. 

(194) 

These mcrs 8 :an be t runca ted  - cco rd ing  t o  a predetermined c u t - o f f  
frequency, ;h?reSy reducing t h e  si?* cf t q u a t i m  (193). S u b s t i t u t i n g  
Equations ,' 5 )  i n t o  Equations (193) w e  ob ta in :  



- -1  - r: I 

I- -!- 
t i  

with 

+ 

= Discrete Damping %I 
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Note t h a t  we introduced damping and t h a t  we kept t h e  i n t e r f a c e  
degree9 of  freec'om i n  d i s c r e t e  form, 
Logic i s  used i n  programing t h e  procedure. 
w e  a c t u a l l ,  in t roduce t h e  i q t e r f a c e  modes [e 11 , 

This is recommended when DENSE 
I f  PARTITION Logic i s  Used, 

Although t h e  boos te r  and pay;oad modes can be t runca ted ,  it is  imperative 
not t o  t r u n c a t e  any i n t e r f a c e  d e f i n i t i o n .  
s i g n i f i c a n c e  i f  one in t roduces  t h e  interface.  modes. 
t h i s  w i l l  be explained i n  t h e  load sec t ion .  

This i a  of  s p e c i a l  
The motivat ion f o r  

Before proceeding with t h e  next s e c t i o n ,  w e  wish t o  introduce t h e  
f ol lowing not a t  ions : 

{ F f  = 
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So t h a t  Equation (196) can be wr i t t en  as: 

3. The Nuaerical In tegra t ion  Scheme 

The objec t ive  of t h i s  s ec t ion  is  t o  choose a s u i t a b l e  in t eg ra t ion  
schemc t o  d i r e c t l y  in t eg ra t e  Equation (201). This i s  i n  con t r a s t  v i t h  
the  usual approach, where a new eigenvalue problem with [MI and [K] as 
mass and s t i f f n e s s  matr ix  is  solved. 

It is important t o  recognize t h a t  system (201) can have a frequency 
content much higher than the  cu t -of f  frequency of t h e  forc ing  term. 
Usually, those higher frequencies w i l l  not produce s i g n i f i c a n t  
responses. 
of using a stepsize h,  which r e f l e c t s  only the  highest  frequency of 
i n t e r e s t  but a t  t h e  same time remains numerically s t ab le .  For example, a 
Runge-Kutta rout ine would not be s u i t a b l e  because it  requi res  a t ime-s tep  
cons is ten t  with t h e  highest  frequency i n  t h e  system, even though these  
high frequencies 'MY not be of inte-est  t o  t he  analyst .  
are techniques t o  obta in  a good estimate of t he  t i g h e s t  system frequency, 
using such a frequency t o  determine t h e  s t eps i ze  would unnecessar i ly  
increased the  cost  of t h e  response rout ine.  

Therefore, a s u i t a b l e  numerical technique should be capable 

Although the re  

A method tha t  s a t i s f i e s  above cons t r a in t s  is given by t h e  
Newmark-man-Beta in t eg ra t ion  method: 

where the  method is unconditionally s t a b l e  i f  @> (22(+1)2/16. 
A r t  i f  ici-al pos i t i ve  damping is introduced when 1, 0.5, and a r t  i f  i c i a l  
neg-tive damping i f  'ET< 0.5. Good values €or our purposes a r e  7 %  0.5 
and 0.25 .  Theoret ical ly ,  t he  time s t e p  h can then be given any value 
while the  scheme remains s t ab le .  In f a c t ,  f o r  very la rge  vr lues  of h ,  
t h e  scheme generates t he  s t a t i c  so lu t ion  of Equation f201). 3130, t h e  
scheme w i l l  damp out the  highest  (and l e a s t  important) mc??s u h i i e  
preserving t h e  lower ones. In addi t ion ,  as we s h a l l  w e  shor t ly .  the  
Newmark-Chan-Beta scheme i s  capable of taking advantase of t he  pecuJ i a r  
structure of t he  present equations of motion. Indezd, l e t  us sub..,ltute 
Equations (203) and (203) i n t o  (205) and obtain 
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(2051 - [ ( l - l ) h C  + (4 -6 ) h 2 K l  iGt - [ K l  $ q l  

or, using Equation (1991, we  can write: 

Dl ’ I B T ‘ O  1 

- - r --- -- - I 

\ 
0 1 PT I D. . .  

with 

(206 )  

. B  ..B B - D x  - D x  - K  x T 
fIi = TBFBi+ l  5 I1 8 Ii I1 Ii 

= 
f?i 

end 
2 -2 

= I + 2YhZBwB + Bh WB 
- -  

P2 = M IT + Y?I DII + 6h2KII  Dl 

(208) 

(209) 

are diagonal matrices,  except D 2 ,  D5 and D 8  which are IFxIF 
matrices.  Consequently, t h c  evaluation o f  f B i ,  f I i ,  and f p i ,  are 
vzry c o s t - e f f e c t i v e .  Alsc,  note that D i  ( i = l , . . . , 9 )  are one-time 
ca lcu la t ions .  
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Normdly ,  t h e  solut ioi i  f o r i < J  i+l i n  Equation (206) requi res  a 
t r i a n g u l a r  decomposition and must be repeated f o r  every h. However, i n  
t h i r  case t h e  unique form of t h e  coe f f i c i en t  matrix of itl maker it 
posr ib le  t o  avoid such decompositions. Moreover, it is poss ib le  t o  
completely take  advantage of t h e  diagonal and tern p a r t i t i o n s  appearing 
i n  t h a t  coe f f i c i en t  matrix. 

F i r s t ,  l e t  us premultiply Equation (206) by [-BDrl I I I -PI);1 1 
which y i e lds  t h e  following expression: 

(211) 
-8 € x I i + l J  ~ 1 I ~ z f B i  + f I i  + ~ j f p i l  

with 

A 1  [ D + A,B T + A3P T ] - 1  2 -  

A2 - BD;' , A3 = - PD'l 
3 

Furthermore, from Equation (206), we e a s i l y  obtain,  

(212)  

(213) 

Equations (2111, (214) and (215)  represent  t he  f i n a l  set of 
reccrrenze r e l a t ions  replacing Equation ( 2 0 6 ) .  Note t h a t  Equation (212) 
represents  t he  inversion of an IFxIF matrix where I F  is r e l a t i v e l y  seal1 
i n  many app l i ca t iom.  
decompovition of a large matrix. 
algorithm primari ly  coma from mul t ip l ica t ions  involving matr ices  A i ,  
A and A3. 

memory which allows for t h e  eo. . t ion of much l a rge r  problems. 

This e f f e c t i v e l y  removes t h e  problem of t r i a n g u l a r  
Also, note tha t  t h e  cost  of t h e  

Note however, t h a t  t h e i r  dimensions a r e  IhtIF, I F x N B  and 
I a NP respect ively.  In a d d i t i o i ,  t h e  rout ine  requires  much less core 

4. The Load Transformation 

The purpose of t h i s  sec t ion  is  t c ,  b r i d f l y  review the  "acceleration" 
approach t o  ca l cu la t ing  loads and a t  t he  same time point out some 
possible  savings. An elementary member load transformation can be 
wr i t t en  as :  

Note tha t  such a member could be p a r t  of any payload. For example, i f  
the  member belong; t o  payload PI, then { x p j )  -{xplJ 
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Therefore, once the  sys t em response is known, one can s u b s t i t u t e  t h e  
displacement vector  cxp) i n to  Equation (216) and obta in  t h e  member 
loads. This d i r e c t  approach i s  c a l l e d  t h e  "displacement" method. In 
many tales, t h i s  i s  a pe r fec t ly  va l id  approach e spec ia l ly  i f  a l l  t h e  
modes i n  EquatLons (32) and (39) are kept. However, i f  modes are 
t runcated according t o  a cu t -of f  frequency, t h i s  procedure o f t e n  lead8 t o  
inaccurate results. This can be corrected by using t h e  so-ca l led  
"acceleration" method whereby t x p i  is replaced i n  terms of appl ied 
forces  and acce lera t ions  using t h e  sys tem equations of ao t ion  without 
damping. 

Hruda and Jones introduced a load transformat ion cons is ten t  with 
modal synthesis  techniques. 
Equation (216) can be replaced by: 

In terms of the  present no ta t ion ,  

w i t h  

(218) 

(219) 

Note t h a t  [LT2] = 0 when the  in t e r f ace  i s  determinate. 

L *  Normally, t h e  displacement vector  i x i - , -  i n  Equation (217) must be 
wr i t t en  i n  terms of forces  and acce1e:a:ions using t h e  second p a r t i t i o n  
i n  Equation (193). 
but a l s o  introduces the  booster acce lera t  i cns  i q f i  and forces  { FB) 
i n t o  t h e  voblem. We s h a l l  now show t h a t  t h i s  i s  not necessary under 
c e r t a i n  rondi t  ions. 

This not only increase- the,.ccst of t h e  procedure, 

8 F i r s t ,  le t  us  obtain t h e  exp.ession f o r  { x ~ j )  which o rd ina r i ly  
should be used  i n  Equation (217) .  
d i s c r e t e  Equation (193)  we obta in  f o r  

From the  second p a r t i t i o n  i n  t h e  
: 
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12:is i s  the  exact expression €0 t h e  d i s c r e t e  i n t e r f ace  displacement 
vector.  The damping force [DII]  { J 11 possibly can be neglected,  but 
we may a l so  keep it. 
introdact ion of t he  modal acce lera t ions  which then subeequeritly are 
truncated: 

Next, t h e  acce lera t ion  approach requi res  t h e  

{IC:)= [KIT]-'  ( [TBIT{FB) - [ B I i z j  - 

This is  the  expression which o rd ina r i ly  muat be used i n  Equation (2171, 
i.e., t he  lek 
t h e  appropriate 74jk ar t  it ion. 

response rout ine can be obtained from the  second p a r t i t i o n  of 
Equation (196) : 

iven by Equation (223) must  be used t o  se l ec t  out 

8 
On t he  other  hand, t he  expression f o r  €XI) as ca lcu la ted  by the  

which turns  out t o  be iden t i ca l  t o  Equation (223). 
use  l x r j ]  i n  Eq?lation (217) a s  given by t h e  response routine.  
conversion i s  necessary. 

Therefore, we can 
No 

In  case in te r face  modes are used i n  the  response rout ine ,  i.e. i f  
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8 then t h e  c a l c u l a t e d  j q 1 1  v e c t o r  is given by: 

The corresponding 4 x I l i s  0 given by: 

where w e  used Equation (225). 

Expression (227)  w i l l  be i d e n t i c a l  t o  expression (223) i f  and only i f  - a l l  i n t e r f a c e  mode3 a r e  kept .  Indeed , consider ing t h e  p r o p e r t i e s  

we can write 

only i f  we keep a l l  i n t e r t a c e  modes. 
i n t e r f a c e  modes, then Equation (229) i s  not v a l i d  and t h e  right-hand s i d e  
of Equation (23 i s  d i f f e r e n t  from t h e  right-hand s i d e  of  
Equation (226). S u b s t i t u t i n g  Equations (225),  (228) and (229) i n t o  
Equation (227) y i e l d s :  

Conversely, i f  we do not keep a l l  

fx;f +:irw: ,I -1 B T ( 1 ~ ~ 1 ~ p ~ 1  - IBI{::) 
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which is i d e n t i c a l  t o  Equation (223) 

Next, l e t  u s  wri te  Equation (218) as follows: 

T It is  now r e l a t i v e l y  easy  t o  show t h a t  [E . ] [ I  .M .I .I["'] = PJ PJ PJ PJ % 
I-' even when not a l l  t h e  payload modes are r e t a i n e d  i n  

[q;]. Therefore,  Equation (234) cizn be w r i t t e n  as: 

Using Equations (217 ' ,  (219) and (233) has  s e v e r a l  advantages ove r  
t h e  approach o u t l i n e d  i n  R e f e r e n c G 3 J .  
indeterminate  (i.e. i f  LT2 = 0 )  it is  not  necessary t o  u s e  Equation (223) 
f o r  { xy f , i f  and on ly  i f  w e  keep - a l l  t h e  i n t e r f a c e  modes [HI. 
This not on ly  make8 t h e  e v a l u a t i o n  of  Equation (217) much s imple r ,  but  
alloo reduces t h e  amount o f  information t o  be s t o r e d  i n  t h e  cour se  o f  t h e  
response c a l c u l a t i o n s  (i.e. onlyl?;] , L K f l  and i x y i  must bd 
s t o r e d ) .  Secondly, t h e  r a t h e  .expensive e v a l u s t i o n  o f  [O( I = 

i s  now replaced by t h e  more e f f i c i e n t  computation of 1p 1 

F i r s t ,  i n  case t h e  i n t e r f a c e  i s  

-[*].[I . l [ E p j l [ I ~ j H p j I p j ] ~ M  51 1 as proposed i n  Reference j c53.1 
J PJ 

= 
j -'j Indeed, applying u n i t  loads succeas:veiy t o  each of  ' N  I [  PJ 

t h e  non-interface dofs . ,  o f t e n  becomes a r a t h e r  expennive item, 

cons ide r ing  t h e  p o t e n t i a l l y  very l a r g e  payload mcdtls.  The o t h e r  term i n  

Equation (2321, [a], = - ~ w l j [ ~ p j l [ E p j l  x 
x [ C j H p j T p j ]  can be e a s i l y  eva lua ted  by f i r s t  forming t h e  product 
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f 
PJ p l  PJ 

[ I  .H .T . I ,  t h e  columns o f  which can be looked upon as i n e r t i a l  
loads app l i ed  a t  t h e  i n t e r f e c e  o f  t h e  payload. The corresponding 

r def l eck ions  are equal  t o  [ e  1 = [ E P j ] [ I  M T 1. F i n a l l y ,  one 

must e v a l a a t e  [& 1 = [Tpj] In Equation (219) so t h a t  w e  o b t a i n :  
j P j  P j  P j  

j 

Observe t h a t  t h e  payload o r g a n i z a t i o n  can e a s i l y  save [ @ ] j ,  
[ 6]j ,  and [ E  ] 
i n v e s t i g a t e d  wdhou t  r e c a l c t l a t  ing t h e s e  I U ~  :ces. Observe t h a t  
Reference[s)requires t h e  payload a n a l y s t  t o  make t h e  cho ice  of members 
before  t h e  e v a l u a t i o n  of  Equations (234) and (235). 
a n  a d d i t i o n a l  member has  t o  be i n v e s t i g a t e d ,  a r e e v a l u a t i o n  o f  [ L T l I j  
and [LT2] j i s  necessary.  

so t h a t  any member i n  payload can now be  

I f  f o r  some reason 

F i n a l l y ,  it should a l s o  be noted t h a t  t h e  loads  c a l c u l a t i o n  does not 
involve t h e  "modal modes" which reduces t h e  computational c o s t  even more. 

5.  Conclusions and sun mar^ 

A nulaerical i n t e g r a t i o n  scheme has  been presented.  It is  a 
" fu l l - sca l e"  approach i n  t h e  sense  t h a t  i t  does not i n t roduce  new 
assumptions or approximat ions  compared t o  t h e  convent ional  "exact" s o l u t i o n  
techniques.  
i n  both t h e  response and loads c a l c u l a t i o n s .  

The response a n a l y s i s  uses a n  adap ta t  ion of  t h e  Newmark-Chan-Beta 
numerical i n t e g r a t i o n  tachr,ique. This i n t e g r a t i o n  scheme i s  d i r e c t l y  
app l i ed  t o  t h e  coupled system e q u a t i o w  ( i . e .  boos t e r lpay load  system) 
thereby avoiding t h e  expensive s o l u t i o n  o f  a system e igenva lue  problem. 
The Newmark--Chan-Beta technique has  t h e  convenient f e a t u r e  t h a t  t h e  s t e p  
s i z e  can h<- based on t h e  "cut-off frequency" a s s o c i a t e d  wi th  t h e  f o r c i n g  
func t ion  r e g a r d l e s s  of t h e  h ighes t  system frequency. This p a r t i c u l a r  
f e a t u r e  i s  neccqsary i n  t h e  present  method because t h e  h i g h e s t  system 
frequency i s  not known 1 p r i o r i .  
determine t h e  h ighes t  frequency, it i s  very l i k e l y  t h a t  t h i s  h ighes t  
frequency w i l l  be much l a r g e r  t han  t h e  cut-off  frequency which would lead 
t o  a much sma l l e r  t i m e  stey. It should a l s o  be noted t h a t  t h e  p re sen t  
approbch al lows f o r  t h e  s o l u t i o n  of much l a r g e r  sys tems.  

1mproverner.ts over t h e  conventional techniques are introduced 

Although t h e r e  are t echn iques  t o  

Next, w e  der ived a load t r ans fo rma t ion  c o n s i s t e n t  w i th  t h e  above 
modal s y n t h e s i s  method. Several  c o s t  saving f e a t u r e s  k-ere introduced.  
F i r s t ,  w e  showed t h a t  i n  the c a s e  of  an inde te imina te  i n t e r f a c e  I t  is  not 
necessary t o  write t h e  i n t e r f a c e  displacements i n  terms of a c c e l e r a t i o n s  
and f o r c e s ,  provided one keeps a l l  t h e  i n t e r f a c e  modes. As i n d i c a t e d ,  
one could a c t u a l l y  keep t h e  d i s c r e t e  i n t e r f a c e  fisplactmenLs i n s t e a d  of 
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i n t roduc ing  t h e  i n t e r f a c e  modes. Secondly, i t  was shown tha t  seve ra l  
s i m p l i f i c a t i o n s  can be a f f e c t e d  i n  t h e  c a l c u l a t i o n  o f  [LTl] and [LT2] 
l ead ing  t o  a more e f f i c i e n t  and convenient l oads  c a l c u l a t i o n .  F i n a l l y ,  
it should a l s o  be pointed out t h a t  w e  do not involve system modes which 
reduces t h e  c o s t  and s i m p l i f i e s  the a n a l y s i s .  

It is es t ima ted  t h a t  t h e  p re sen t  approach w i l l  reduce t h e  computer 
c o s t  o f  a payload i n t e g r a t i o n  e f f o r t  by a cons ide rab le  amount. 
Considering t h e  numeroae load cases t h a t  must be considered :n t h e  course 
of a design e f f o r t :  t h e  present  approach m y  prcrve t o  be  of ; r z a t  value.  
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CHAPTER 111. A PAYLOXC INTEGRATION TECHNIQUE - 
SHORT-CVf VERSION 

1. In t  roduct. ion - 
In  Chapter 11, we devn,loped a numzrical i n t eg ra t ion  scheme which is  

capable of ,olving the  s e t  of coupled system equations as given by 
Equations (196). 
assumptions o r  approximations are used. This means t h a t  t h e  r e s u l t s  are 
a s  accurate  as those obtained from a atanda-d fu l l - sca le  approach. 
However, under the  r igh t  circumstances, tr.e cost  of t h i s  approach i s  
s i g n i f i c a n t l y  lower. 

The method is  a fu l l - sca le  technique because no spec ia l  

In  t h i s  chapter ,  w e  wish t o  adapt t h i s  fu l l - sca le  d i r e c t  i n t eg ra t ion  
technique t o  a short-cut version. The approach i s  basad on es t imat ing  
t h e  s i z e  of t h e  feedback from t h e  payload response i n t o  t h e  booster.  
F i r s t ,  w e  s h a l l  der ive t h e  so-cal l rd  coupled base motion equations f o r  
t h e  system. 
equations of motion. 
feedback of t he  payload i n t o  t h e  booster.  
known a s  t h e  d i r e c t  base dr ive  technique as discussed i n  Chapter I, 
sec t ion  A3f and B3. 
r e s u l t s .  Instead of completely neglect ing t h e  feedback, we t L . i l l  bubject 
t h e  magnitude of t h i s  feedback t o  a c r i t e r i o n .  The r e s u l t  w i l l  be a 
method which, depending on the  nature  of t he  s t r u c t u r e  a t  hand, w i l l  
v a s i l a t e  between a f t l l -up  Loupled base motion technique and a d i r e c t  
base dr ive  method. 

These eqvations s t i l l  represent a set of accurate  fu l l - sca le  
One possible  approach i s  t o  completely neglect  t h e  

This leads t o  a technique 

In  many cases  t h i s  technique l eaas  t o  acceptable 

In sec t ion  2 ,  we s h a l l  der ive rhe per t inent  equations of motion. 

2. - The Equations of Motion 

F i r s t , n o t e  t h a t  t h e  equations of motion f o r  t h e  coupled base mor5 
technique a r e  derived i n  Chapter A3.f. 
w r i t e  down t h e  coupled set of equarions of mction arc given by 
Equations ! 156) : 

Following t h a t  der iva t ion ,  iet us 

where 

+ 
-- 
Lp Pi qN (236) 
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0 
T 

MTI = T;STB t 

0 

0 

0 0 

qr 

KII 0 TBFBTB + 

0 
p = I  

(237)  

Following the philosophv of a base motion technique we first s,olvc., 
t h e  following set of equations, 



Thir set of equations represent  t h e  equations of motion for t h e  
booster  v l thout  pagioad(6). 
with 8 standard payload which would represent  a kind of average payload. 

Note t h a t  one could a l s o  lead t h e  booster  

The so lu t ion  of Equation (238) is  the  d a m e  f o r  a l l  payload 
configurat ions a n -  does not change a8 long as the  forc ing  funct ion and 
tile bcos te r  model do not change. 
i n t eg ra t ion  scheaw can be used t o  obta in  the  so lu t ion  of (238): 

A modified Newmark-man-Beta nwrerical  

w h e r e  

O B  **B T B - T K T x  B B B N O i  - D x  6 N O i  - D x  T 
f I i  = T B F B i + l  4 I O i  

D1 = TTM B B B  T 

D 3  = 2FBWB + 13,h 

+ T i K B T B h %  
7 

-& 2 
( 2 4 2 )  
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- T ~ K  T h2 D4 B B B‘  

2 2FBaB (l-$)h  + ( 0 . 5 - 8 ) h 2 s B  DS - 
OFHGINAL PACE 13 
OF POOR QUALITY 

- TiKBTB(0.5$)h 2 
D6 

I] y i e l d s  - 1 ;  
1 1  

P r e n u l t i p l y i n g  (240) b y  ! -BD 

1 **  B 
X I C i + 1  = f I i  + A 2 f B i  

w i t h  

- 1  
1 A 2  = -B D 

a l s o ,  

T 0 - B  e. 

A -B -1 
‘N0i4i = D l  f B i  A 2  XNOi+: 

( 2 4 2 )  

( 2 4 3 )  

(244 )  

The equerions t o  use  then a: . Equations (239 ,  241,  243,  244 ) .  The 
q u a n t i t i e s  t o  save are { X I O ~  , [ x r o i  and f i r o f  . 
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Returning t o  Equation ( 2 3 6 )  w e  can write: 

The residual quantities \<&’ and [ x ~ ~ f  6 
presence of the payload(s , 1.e. they are the feedback of the payload(s) 
back into the booster. 

are c lear ly  due to the 

Let us write the following vector equation, 

( 2 4 6 )  

Substituting Equation ( 2 4 6 )  into Equation ( 2 3 6 )  and taking into  
account Equations (237-238) leads t o  the coupled base mct ion equations, 
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where 

[MP ] = 
I1  

[ K P I I l  = 

r!plTpl 
T P l  T K  P I T P l  

0 i L 0 

0 

0 

0 

T pT 2KP 2TP 2 

0 

0 1 0 

1 0 

(248)  

This set of  Equations ( 2 4 7 )  could be solved result ing i n  a ful l -scale  

accurate solution. However, physically it is  possible that the  feedback 

vector txIR\ i s  small (note that w e  need not have ixIRl and a . 8  ’ 8  

{x:’,( small) ,  i . e .  0 for a l l  times t .  Then from t h e  third 

partit ion of Equation ( 2 4 7 )  w e  obtain a decoupled equation for { P L t ,  
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which can be e a s i l y  solved,  because ~ X I O  is known. lhis approach i r  

- 
e - 6  

c a l l e d  t h e  direct base d r i v e  technique *'e an  a has been ured r u c c e r r f u l l y .  

The problem however i s  t h a t  t h e  magnitude o f  5 XIR~ is  not known 
In t h a t  c a s e ,  Equation ( 2 4 7 )  i n  advance and may not always be  mall. 

crhould be solved r e t a i n i n g  t h e  c c J p l i n g  terms. Again, a Newmark-Chm- 
Beta technique can be used a s  fol lows,  

and 

-2  -B *. 'B -B 
f B i  -D4 ' N R i  - D7 ' N R i  - w B  ' N R i  

B - I C ?  x *.B *B 
f I i  I1 I O i + l  - DII  x I c i + l  I1 I O i + I  -MP x 

* B  **B B - D5 X I R i  - D8 X I R i  - K ~ I  ' I R i  

pT **B 'P '2-p -2 -P 
g ' N i  - ' N i  

- D  
I O i + : ,  - D6 'Ni i t  t -  

f P i  

Also, 

T * O B  I. 

A 2  ' I R i + l  
+ -B -1 

' N R i + 1  = D l  f B i  

T 0.B D. 

+ A x  --P 
' N i + l  = ";'fPi 3 I R i + l  

(251) 

(25.2 

w h e r e  
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ORiGINAL PAGE IS 
OF POOR QUiALlW 

= [ D + A 2 B  T + A 3 P T  I - '  A l  2 

(255) 

A t  t h i s  p o i n t ,  it is p o s s i b l e  t o  in t roduce  a c r i t e r i o n  which checks 

t h e  magnitude of say . I f  t h i s  magnitude i s  smaller t h a n  a 

3 T 0.6 T "6 
A2 1 X I R i + l i  and A3 t X I R i + l  c e r t a i n  p r e s e t  E t h e n  t h e  guant it ies 

i n  Equations ( 253 
o f  t h e  f o l l o w i n g  form : 

are not  c a l c u l a t e d .  A p o s s i b l e  c r i t e r i o n  could be 

(256) 

where E is  a preset. percentage (e.g. 0.01). 
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r This c r i t e r i o n  could p a r t i a l l y  avoid the  premult ipl icat ions by A2 
and i n  Equation (253). There are two more coat generating 
premu il t i p l i c a t i o n s  by A2 and A3 i n  Equation (252) .  Thes? could 
possibly a l so  be avoided when t h e  feedback acce lera t ion  is small. 
would mean a d i r e c t  base d r ive  a t  t h a t  pa r t i cu la r  t i m e  s tep.  
approaches were implemented and w i l l  be discussed i n  the  next chapter.  

"hi8 
Both these 

The main problem with t h i s  kind of approaches is  t o  f ind  an answer t o  
What cons t i t u t e s  a small feedback? This question i s  st i l l  t h e  question: 

not answered even with an equation l i k e  Equation (256). 
encouraging r e s u l t s  were obtained, i t  is  recognized t h a t  addi t iona l  
reaaarch and development is necessary. 

Even though 
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CHAPTER I V .  THE SOFTWARE PACKAGE - IMF'LEMENTATION 

1. In t roduc t ion  - 
This  c h a p t e r  d i s c u s s e s  i n  g e n e r a l  terms t h e  sof tware package 

a s s o c i a t e d  w i t h  a complete booster lpayload response and l o a d s  a n a l y s i s .  
An at tempt  w i l l  be made t o  c l e a r l y  l i n k  the  theory of Chapter I wi th  t h e  
s p e c i f i c  program and subrou t ine  d e s c r i p t i o n s .  
oppor tun i ty  t o  touch upon some of t h e  c o n s t r a i n t s  and d i f f i c u l t i e s  
i n v a r i a b l y  a s s o c i a t e d  w i t h  t h e  development of  a p r a c t i c a l  payload 
i n t e g r a t i o n  sof tware package. Some f a c t o r s  t o  cons ide r  are : computer 
c o r e  usage; convergence; a v a i l a b l e  d a t a ;  t h e  s e p a r a t i o n  of boos t e r ,  
payload and i n t e g r a t i o n  o r g a n i z a t i o n s  ; work schedules  ; engineer ing t i m e  ; 
ease of program usage; computer c o s t  and r e l a t e d  e f f i c i e n c y  of 
a lgori thms;  reuse of e x i s t i n g  information;  required accuracy ve r sus  c o s t ;  
handling of p o t e n t i a l l y  1 a r g e m o d e l s ; e t c .  

T h i s  will g i v e  u s  t h e  

S e c t i o n  2 of this c h a p t e r  p r e s e n t s  a gene ra l  d e s c r i p t i o n  of t h e  
o r g a n i z a t i o n  and components of  t h e  sof tware package. 
e x p l a i n  the purpose and c o n t e n t s  of t h e  components and how they relate to  
each o t h e r .  

I n  p a r t i c u l a r ,  we 

Sec t ion  3 p r e s e n t s  a simp:e sample problem and shows how i t  i s  
analyzed and evaluated.  Also, t h e  case of t h e  STS-ST-OMS K i t  i s  
discussed i n  a d d i t i o n  t o  some o t h e r  sample problems. F i n a l l y ,  we shall 
also d i s c u s s  some of t h e  r e s u l t s  r e l a t e d  t o  t h e  short-cut  v e r s i o n  
developed i n  Chapter 111. 

2. Organizat ion - General Desc r ip t ion  

This  s e c t i o n  o u t l i n e s  t h e  o rgan iza t ion  of  t he  sof tware package. 
Figure 4 r e p r e s e n t s  a f low diagram of a complete booster /payload 
i n t e g r a t i o n  problem. Each of t h e  f low diagram blocks has a program 
a s s o c i a t e d  w i t h  i t .  Therefore ,  t h e r e  are s i x  programs: PROGRAM BOOSTER, 
PROGRAM PAYLOAD, PROGRAM INTFACE, PROGRAM FORCE, PROGRAM RESPONS AND 
PROGRAM LOADS. 
c a l l e d  FORMA ( F o r t r a n  Matr ix  Analysis) .  
sub rou t ines  coded i n  FORTRAN I V  f o r  t h e  e f f i c i e n t  s o l u t i o n  of s t r u c t u r a l  
dynamics problems. These sub rou t ines  are i n  t h e  form of bu i id ing  blocks 
t ha t  can  be pu t  t o g e t h e r  t o  s o l v e  a large v a r i e t y  of  s t r u c t u r a l  dynamics 
problems. 
S e c t i o n  a t  Mart in  Marietta Aerospace and i s  being updated and expanded 
whenever t h e  need occurs.  

Each of these programs draws on a poo l  of sub rou t ines  
FORMA I s  a i i b r a r y  of 

The FORMA l i b r a r y  was developed by the  Dynamics and Loads 

It should be pointed o u t  t h a t  o t h e r  l i b r a r i e s  can be ubed and that 
t h e  proposed i n t e g r a t i o n  method does i n  no way i n h e r e n t l y  depend on t h e  
FORMA l i b r a r y .  However, i n  t h i a  r e p o r t ,  t he  sof tware i s  F u i l t  around t h e  
FORMA subrou t ine  l i b r a r y  ( i n  p a r t i c u l a r ,  t he  Part i t ion-Logic  v e r s i o n )  and 
t h e r e f o r e ,  t he  f r is assumed t o  have a working knowledge of that 
l i b r a r y .  
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There are several reasokis motivat ing the PROGRAM approach. Because 
a l l  FORMA r o u t i n e s  are w r i t t e n  i n  terms of  v a r i a b l e  dimensions,  i t  i s  
p o s s i b l e  t o  write each PROGRAM f o r  t h e  s p e c i f i c  dimensions of t h z  problem 
a t  hand, thereby opt imizing computer cord usage. Also, t h e  u s e r  o f t e n  
has  a t  h i d h e r  d i s p o s a l  d q t a  a l r e a d y  generated by o t h e r  means. 
PROGRAM approach a l lows  :..? u s e r  t o  omit the r e c a l c u l a t i o n  o f  t h a t  
p a r t i c u l a r  d a t a ,  For example, a set of so-called expanded mode6 could be 
a v a i l a b l e .  The u s e r  t hen  can d i r e c t l y  read those expanded modes i n t o  t h e  
PROGRAM and omit t he  use of a sub rou t ine  which calculates those  expanded 
modes. Furthermore, t h e  PROGRAM approach a l lows  f o r  t h e  s e p a r a t i o n  of 
d a t a  generated by t h e  booster ,  payload and i n t e g r a t i o n  o r g a n i z a t i o n s ,  
Indeed, very o f t e n  t h e s e  t h r e e  o r g a n i z a t i o n s  are p h y s i c a l l y  a t  d i f f e r e n t  
l o c a t i o n s  and d a t a  p e c u l i a r  t o  one o r g a n i z a t i o n  o f t e n  is not r e a d i l y  
a v a i l a b l e  t o  t h e  o t h e r  o rgan iza t ions .  PROGRAM BOOSTER f o r  example, on ly  
d e a l s  w i t h  d a t a  p e r t a i n i n g  t o  t h e  boos te r  and, t h e r e f o r e ,  works 
independent of t h e  payload. Also, sometimes t h e  d a t a  generated by 
PROGRAM BOOSTER can be used i n  ana lyses  of d i f f e r e n t  payloads and 
t h e r e f o r e  has  not t o  be r eca l cu la t ed .  

The 

F i n a l l y ,  t he  PROGRAM approach a l s o  al lows f o r  b e t t e r  check-out and 
c o n t r o l  of t h e  d a t a  generated a t  s e v e r a l  p o i n t s  in t h e  p rocess  of  a load 
cycle .  Indeed, t h e  u s e r  can put i n  h i s / h e r  own checks i f  d e s i r e d ,  

PROGRAM RESPONS r e p r e s e n t s  t h e  hub around which t h e  o t h e r  f i v e  
programs are centered.  
coupled booster/payload system response. 
c a l l e d  by PROGRAM RESPONS is SUBROUTINi ZRESP, which implements t h e  
i n t e g r a t i o n  sc' d e  a s  o u t l i n e d  i n  Chapter 11. The IP?PUT t o  PROGRAM 
RESPONS c o n s i s t s  of a l l  t h e  q u a n t i t i e s  necessary t o  run SUBROUTINE 
ZRESP. The OUTPUT of PROGRAM RESPONS is the  system response i.e. 
d i s p l s c e c e n t s ,  v e l o c i t i e s  and a c c e l e r a t i o n s .  These q u a n t i t i e s  can be 
w r i t t e n  on paper and t ape .  In p a r t i c u l a r ,  t h e  payload a c c e l e r a t i o n s  and 
the  bonstcr/payload i n t e r f a c e  displacements  a t  each time s t e p  are w r i t t e n  
on t ape  so t h a t  they can be used i n  PROGRAM LOADS f o r  t h e  c a l c u l a t i o n  o f  
member loads.  

The purpose of PROGRAM IPESPONS is t o  gene ra t e  t h e  
The most important sub rou t ine  

Much of t h e  INPUT t o  PROGRAM RESPONS is not d i r e c t l y  given and 
t h e r e f o r e  must be c r e a t e d  i n  advance. PROGRAM BOOSTER, PROGRAM PAYLOAD 
and PROGRAM FORCE were composed t o  se rve  this purpose. PROGRAM BOOSTER 
g e n e r a t e s  a l l  boos t e r  d a t a  necessary t o  run PROGRAM RESPONSE. The 
booster  o rgan iza t ion  c m  use t h i s  PROGRAM independently of any o t h e r  
o rgan iza t ion .  
can be generated s t a r t i n g  with t h e  free mass and s t i f f n e s s  m a t r i c e s  

and [KB] and t h e  i n t e r f a c e  r e s t r a i n e d  modes and f r equenc ie s  [?b] and [ @]. It is reasonable t o  expect t h a t  t hese  INPUT 
q u a n t i t i e s  are a v a i l a b l e .  I f  n o t ,  t he  user is expected t o  provide t h i s  
information before  running PROGRAM BOOSTER 
**can** the  c o n s t r u c t i o n  of [MBI, (KB], [+$I and (&E] because of 

Enough subrou t ines  were developed 80 t h a t  a l l  b o o s t e r  d a t a  

It w o u i j  not be wise t o  



t h e  mul t i t ude  of ways t h e s e  q u a n t i t i e s  can  be generated.  
PROGRAM BOOSTER c o n t a i n s  a number of " f l ags"  vh ich  allow f o r  u s e r  
f l e x i b i l i t y  of INPUT. Indeed, o f t e n  times c e r t a i n  q u a n t i t i e s  are a l r e a d y  
a v a i l a b l e  and need no t  t o  be regenerated.  
PAYLOAD which is very similar t o  PROGRAM BOOSTER except  that it gemrates 
payload q u a n t i t i e s  necessary t o  run PROGRAM RESPONS. I n  add i t jo t i ,  i t  
a l s o  g e n e r a t e s  p a r t s  of load t r ans fo rma t ions  i f  d e s i r e d .  Azaln, much 
f l e x i b i l i t y  is p o s s i b l e  depending on t h e  case a t  hand. PitOGRAM INTFACE 
c o l l e c t s  some of t h e  d a t a  generated by PROGRAM BOOSEK and PROGRAM 
PAYLOAD and produces q u a n t i t i e s  t h a t  i nvo lve  bot?. boos t e r  and payload 
da ta .  
LOADS. 
through the  i n t e r f a c e .  Fo r  example, i~ c a l c u l a t e s  t h e  i n t e r f a c e  modes 
[q?]. 
r i g h t  format t o  be used i n  t h e  i n t e g r a t i o t i  program PROGRAM RESPONS. 
PROGRAM FORCE a l s o  c o n t a i n s  a number of  " f l a g s "  which cillows f o r  more 
f l e x i b i l i t y .  F i n a l l y ,  as menticned above, P R O M  WADS g e n e r a t e s  m e m b e r  
l o a d s  and draws on PROGRAM PAYLOAD f o r  load t r ans fo rma t ion  INPUT and on 
PROGRAY RESPONS f o r  payload response INPUT. 

Furthermore, 

The same i s  t r u e  f o r  PROGW 

Again, these q u a n t i t i e s  are needed in ZKOGRAM RESPONS and PROGJAN 
PROGRAM INTFACE r e f l e c t s  t h e  couFZng between boos te r  and paylea? 

PROGRAM FORCE e s s e n t i a l l y  c o n w r t r  t h e  f o r c e  d a t a  i n t o  t h e  

Each of t h e  six PROGRAMS are independent components of t h e  so f twa ie  
package. PROGRAM BOOSTER can  be used by an independent booster 
o rgan iza t ion .  S i m i l a r l y ,  PROGRAM PAYLOAD can  be used by a n  independent 
payload organizat ion.  PROC CIM INTFACE, PROGRAM FORCE and PROGRAM RESPONS 
can be used by a n  independent i n t e g r a t i o n  o r g a n i z a t i o n  while  PROGRAM 
LOADS can be used by any o r g a n i z a t i o n  that is r e spons ib l e  f o r  l o a d s  
c a l c u l a t i o n s .  
PROGRAMS, i t  is A s 0  p o s s i b l e  f o r  one o rgan iza t ion  t o  use t h e  e n t i r e  
psckage i n  sequence. 

Because each of t h e  PROGRAMS is compatible w i t h  t h e  o t h e r  

Th i s  s e c t i o n  was intended t o  give t h e  r eade r  a g e n e r a l  i d e a  of how 
t h e  sof tware package is s t r u c t u r e d .  It is not intended t o  be a d e t a i l e d  
u s e r  guide.  The F i n a l  Report of t h i s  c o n t r a c t  w i l l  be accompanied by a 
d e t a i l e d  u s e r  guide a s  well as t h e  a c t u a l  listings of a l l  t h e  PROGRAMS 
and a s soc ia t ed  SUBROUTINES. 

3. Nume ricaP Example 8 

In  t h i s  s ec t i r . n  we shall d i s c u s s  s e v e r a l  simple sample problems which 
were used t o  check o u t  t i e  i n t e r n a l  c o r r e c t n e s s  of t h e  so f tware  package. 
Furthermore, we shall b r i e f l y  p r e s e n t  the r e s u l t s  of  two rea l i s t ic  
ana lyses  namely, t h e  a n a l y s i s  of t h e  STS-ST-OMS K i t  sycstem and t h e  
a n a l y s i s  of a defense booster/payload system. 

The f irst  example is dep ic t ed  in Figure 5 .  The boos te r  11 c o n s i s t s  of 
18 pipe segments. The ma55 of each segment is e q u a l l y  d iv ided  between 
t h e  end p o i n t s  of t h e  segment. I f  w e  only keep t r a n s l a t i o n a l  a o f s ,  then 
t h e  f r e e  boos te r  hi.3 57 d o f s  and the  "can t i l eve red"  boos te r  has  NB - 54 
dof s .  S i m i l a r l y ,  t h e  payload P c o n s i s t s  of 7 p ipe  segments and NP - 21. 
Because the re  a r e  3 r i g i d  body modes, we have 8 de te rmina te  i n t e r f a c e  and 
I F  - 3. The parameters f o r  a boos te r  p ipe  segment are:  

E-6. 8%106WJ/m2, 9 -2. 77xA d2kg /m3, Abody=l. 93x10'2m2, 

k n g = 4 .  17~10'%1~,L=O. 762m Jo=8. 3 2 5 ~ 1 0 % ~  
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Sfmilar?y,  f o r  a payload p i p n  segment: 

E=6.89x10CkN/m2, -2. 77x102kg/m3,A= 1.05~10'3$, 

Using t h e  above d a t a ,  a f i n i t e  element model was der ived f o r  bo th  t h e  
c a n t i l e v e r e d  boos te r  aud t h e  c a n t i l e v e r e d  payload. Solving t h e  
eigenvalue prablem y i e l d s  boos t e r  f r equenc ie s  ranging from 1 Hz t o  106 Hz 
and payload f r equenc ie s  from 1 Hz t o  In4  Hz. 
we used zero i n i t i a l  c o n d i t i o n s  and app l i ed  loads  t o  s t n t i o n d  1 6  t o  1 7  i n  
t h e  x, y and z - d i r c c t i o n s  (4468221?cos( iSOt)N, 1-1,6). 

I n  t h i s  p a r t i c u l a r  example 

The accuracy G Z  t h e  adapted Newmark-man-Beta r o u t i n e  was checked by 
comparing t h e  response r e s u l t s  from C ) G W  RESPONS w i t h  those  obtained 
from a f o u r t h  o r d e r  Runge-Kutta (Gill modi f i ca t ion )  r o u t i n e  using t h e  
same s t e p  size. The r e s u l t s  compare very w e l l .  Table I shows some of 
t h e  r e s u l t s  f o r  a s t e p  s i z e  h = 0.001 seconds. It should be po in ted  o u t  
t h a t  a phase s h i f t  i n  t h e  response was observed. This i s  t o  be expec&ed 
bad i s  inhe ren t  t o  t h e  numerical  technique used. Hovever, t h i s  phase 
sh:ft does not a f f e c t  t h e  va lue  of t h e  maximum o r  minimum l o a d s  i n  a n  
element. 
but t h i s  i s  of l i t t l e  consequence. Indeed, i t  i s  f a i r  t o  say t h a t  i n  
practice every numerical  i n t e g r a t i o n  technique produces a phase s h i f t  
when a time s t e p  i s  used c o n s i s t e n t  w i th  a c u t - o f f  frequency. 

It may s l i g h t l y  a f f e c t  t h e  t i m e  a t  which t h i s  minimum occurs ,  

Next, we compared computer c o s t  of t h e  p re sen t  method wi th  t h a t  of 
t h e  convent ional  approach. The convent ional  " fu l l - sca l e"  approach f i r s t  
c a l c u l a t e s  t h e  so-called "modal modes and f r equenc ie s"  (1.e. t h e  system 
modes from Equation(l96) ). Then, a numerical  scheme (e.g. Runge-Kutta) 
i s  used t o  determine t h e  response from t h e  uncoupled system equat ions.  
For t h e  p re sen t  example, t h e  c o s t  of t h e  d i r e c t  i n t e g r a t i o n  r o u t i n e  t o  
determine the  response i s  less by a f a c t o r  of 5 compared t o  t h e  
convent ional  approach. 

We a l s o  compared t h e  c o s t  Df t h e  load c a l c u l a t i o n s .  The improved 
technique dec reases  t h e  c o s t  by a f a c t o r  of 6, It i s  hard t o  t e l l  how 
t h i s  f a c t o r  w i l l  change when t h e  booster /payload system r e p r e s e n t s  a more 
re '.stic conf igu ra t ion .  Also,  I,t may be hard t o  compare c o s t  f a c t o r s  
f o r  l a r g e  systems from a l o g i s t i c  p i n t  of view. Indeed, payload 
orp-.nizations c u r r e n t l y  d z l i v e r  load t r ans fo rma t ions  which a r e  not 
c o n s i s t e n t  with the p re sen t  Improved approach. Therefore ,  i t  is o f t e n  
impossible t o  gene ra t e  t h e  appropr'ate q u a n t i t i e s  required f o r  u se  i n  the  
p re sen t  approach, f o r  l a c k  of c e r t a i n  information. It chouLd be r.oted 
that  t h i s  i s  only a l o g i s t i c s  problem and changes could e a s i l y  be 
accommodated. 

Table 11 l i s t s  some of t he  load r e s u l t s  obtained for t h i s  example. 
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The next rample problem c o n r i r t a  of a boooter p l a t e  d e l  t o  k 
l n t y r a t e d  wi th  tuo  truro-like payloadr.  
(a f i n i t e  e l e n n t  program developed by t h e  k r t i n  Nariatta Aerorpaca 
Dynrmicr Sectiou) wr ured to  d e m l c p  the t h n e  eodolo f o r  the b o o r t e r  
and the two paylO8d8, 

The f i n i t e  element code PImL 

The b o a t e r  a0 ,horn i n  Figure 6 i o  a hexatonal c v l i n d o r  
cono l r t i r t 8  of 24 q u a d r i l a t e r a l  p l a t e  oec t ion r .  
f o r  t h roe  p l a t a r  am: 

me material p r o p e r t i e r  

9 - 0.025 l b / i n 2  E - 10.6 x 104 Ib/in' 
../ - 0.334 , t ( t h i c k r e o r )  - 0.1 i n  

, 

The 24 e l e n n t o  -re joinad a t  30 node8 a0 deocribed i n  Table 3. 
Each of there 30 nodao were aorigned t h r e e  t r o n r l a t l o ~ l  d e g n e o  of 
freedom. The georety and do t .  numbering 8chume f o r  t h i o  boooter  modol 
are ohorn i n  Table 2. Twelve node. (numbers 3, 9, 11, 12, 14, 15, 17, 
18, 20, 21, 23 and 24) and a l l  of  t h o i r  c o r m r p o n d i q  dofo,  were 
derlgnrrted t o  m8ko up t h e  i n t e r f a c e  f o r  possible coupl ing w i t h  pryloado. 
Thur, fo r  the booster, we have 36 i n t o r f a c e  dofo. (IF - 36) and 54 mn- 
i n t e r f a c e  do f r .  ( n i  541. The b o a t e r  model wao forcod i n  the 
X d i n C t i O n  a t  node8 26, 27 ,  ;? znd 30 (dofs.  78, 81, 87 and 90) as 
f o l l o v ,  : 

??8 - 150000 * SIN[2m ( 0 . 5 )  (t-O.OOl)] 

F82 

F87 - 125000 * S I N [ 2 r  (0.6) ( t -o .cz)]  

160000 * SIN[277' (0 .45)  (t-O.oUz)] 

- 17000 * SIN[ 2m (0.55) (t-0.U) 1 F90 

i . t .  NF - 8 .  

Figure 7 rhowr the  f irr t  payload P1, which i o  made up of 18 mr 
aiamentr. The h r r  am j o ined  a t  8 noder t o  form t h i n  tnrrr. Tho 
geometry of t h e  r t r u c t u n  i o  given i n  Table 4 and the  material p r o p e r t i e r  
i n  Tabia 5. 
onl?. The four  co rne r  noder make up the  i n t e r f a c e .  We haw: ND - 12, 
IF - 1 2 ,  NP - 12 and t h e  i n t e r f a c e  d o f r .  a r e  1, 2, 3, 4, 5, 6 ,  10, 11, 
1 2 ,  13, 14 and 15. 

All nodro are asrignod t r a n r l a t i o n s l  deg rae r  of f n e d o a  

Tho model of payload P2 i r  ahown i n  F i g u n  8 . It c o n r i r t r  of 28 bare 
'oined a t  1 2  nodeo torming a tmrr .  
freedom t a b l e  f o r  the model am g iven  i n  Table 7 and t h e  material 
p r o p o r t i e r  and connectiono i n  Tabla 8, Again, on ly  t r a n r l a t i o n a l  d o f r .  
are conaidareJ .  The parameterr are:  ND - 36, IF  - 1 2 ,  NP - 24 and the 
i n t e r f a c e  do f s .  a r e  7, 8, 9, 10, 11, 1 2 ,  19, 20, 21, 22, 23 and 24. 

The geometry and t h o  d e g m e  of 

A t o t a l  d e s c r i p t i o n  of h o w  t o  uae r o f t w r e  package f o r  t h i r  
craaplc problem i r  given i n  t h e  Uaer Guide HCR-82-002 . 
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INOUT DATA FOR COMBINED MEMBRANE-BENDING OUADflLATE~AL PLATE ELEMENTS 

EL E &*E YT 
NUMB E R 

t 

2 
3 
4 
5 
6 
7 
8 
9 

1 0  
1 1  
12 
13 
14 
15 
16 
17 
18 
19 
2 0  
2 1  
22  
2 3  
24 

JOINT 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
1 1  
12 
13 
14 
1s 
16 
17 
l b  
19 
2 0  
2 1  
22 
23 
24 

1 JOINT 

2 
3 
4 
5 
6 
1 
8 
9 

I O  
11 
12 
7 

1 1  
15 
16 
17 
18 
13 
2 0  
2 1  
22 
23 
24 
19 

2 JOINT 3 

8 
9 

10 
1 1  
12 
7 

14 
14 
16 
17 
I 8  
13 
2 0  
21 
22 
23 
24 
19 
26 
27 
28 
29 
30 
25 

301NT 4 

7 
8 
9 

10 
I I  
12 
13 
14 
15 
16 
17 
18 
19 
2 0  
2 1  
22 
2 3  
24 
25  
26 
27 
20 
29 
30 

Table  1.  Description of quadrilateral p l a t e  
elements for the booster model used 
i n  sample problem2 
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JOINT 

I 
2 
3 
4 
5 
6 

8 
9 

1 0  
1 1  
12 
13 
14 
15 
16 
17 
18 
I9 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 

-, 
I 

U t L i W t t S  ut 
TRANSLATION 

U 

1 
4 
7 

1 0  
13 
16 
19 
22 
25 
28 
31 
34 
37 
49 
43 
46 
49 
52 
55 
58 
61 
64 
67 
70 
73 
76 
79 
82 
85 
88 

V 

2 
S 
8 

1 1  
14 
17 
20 
23 
26 
29 
32 
35 
38 
41 
44 
47 
50 
53 
56 
59 
62 
65 
68 
71 
74 
77 
80 
83 
86 
89 

Table 2 .  

w 

3 
6 
9 
12 
15 
18 
21 
24 
27 
30 
33 
36 
39 
42 
45 
48 
51 
54 
57 
60 
63 
66 
69 
72 
75 
78 
81 
84 
87 
90 

ROT AT ION 
P 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

JOINT DATA USED I N  SUBROUTINE FEYtA 

CLOSAL CARTESIAN COORDINATES 

R 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

X 

5.oooO 
2.5000 
-2. 5000 
-5.oooO 
-2.5000 
2.5000 
5.oooO 
2.5000 
-2. 5000 
-5.OOW 
-2. 5000 
2.5OOC 
5.oooO 
2.5000 
-2.5000 
-5.oooO 
-2 - 5000 
2.s000 
5.oooO 
2.5000 
-2. 5000 
-5.oooo 
-2. so00 
2.5000 
5.oooO 
2.5000 
-2.5000 
-5.oooO 
-2.5003 
2.5000 

Y 

O.oo00 
4.3300 
4.3300 
O.oo00 
-4.3300 
-4.3300 
O.oo00 
4.3300 
4.3300 
O.oo00 
-4.3300 
-4.3300 
O.oo00 
4.3300 
4.3300 
O.oo00 
-4.3300 
-4.3300 
O.oo00 
4.3300 
4.3300 
O.oo00 
-4.3300 
-4.3300 
O-ooOO 
4.3300 
4.3300 
O.oo00 
-4.3300 
-4.3300 

2 

5O.oooO 
5o.oooo 
5G.oooO 
5O.oooO 
5o.oooo 
5o.oooO 
2s.oooO 
25.oooO 
25.ooO 
25.oooO 
25.oooO 
25.oooO 
O.oo00 
O.oo00 
O.oo00 
O.ooo3 
O.oo00 
O.oo00 

-25.oooO 
-25.oooO 
-25. oooO 
-25.oooO 
-25.oo00 
-25.oooO 
-5o.oooo 
-5o.ooOo 
-5O.o0(?0 
-5o.oooo 
-5o.oooo 
-5o.oooo 

Geometry desciption and degree of  freedom t a b l e  
for the booster model used in sample  pLoblern2 
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ALL BAR ELEMENTS 

p = 0.0025 l b / i n  

E = 10.6 x lo3 

G = 3 . 8 4  x lo6 

A = 0.01 i n  

J0= 1 . 6 7  x 10 i n  

3 

2 

2 

l b / i n  

l b / i n  

2 

-5 4 

Figure  7 . Payload 1 
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DEGREES 3F  FREECCY 
TRANSLATIOPJ QZ*-LTION 

JOINT 

1 
2 
3 
a 
5 
6 
7 
8 

U V 

1 2 
4 5 
5 e 

10 1 1  
13 1 4  
16 17 
19 2c 
22 23  

Table 4. 

J O I N T  DATA USED I N  5lJEQGUTIYE FEUKA 

GLOBAL CARTESIAN COORDINATES 

Y P c R X f 2 

3 C 0 0 
0 0 0 0 
0 0 0 0 

3 0 0 
15 c! 0 0 
l e  9 0 0 
2 1  n 3 0 
26 0 0 0 

.- , &  

2.5000 
- 2  so00 
- 2 . 5 0 0 0  
- 2 . 5 m  

2 . 5 0 0 0  
2.5000 

- 2 . 5 0 "  
2 . S W  

Geometry and degree of freedom table 
far Fayload 1 

INPUT DATA FOR BAR ELEMENTS 
KODEK = K3DEB = 

MASS = m1 S T I F  = Y '  L3A@ TRANS = PA13L7 STRESS TRANS = 

ELEMENT 
W W E R  

1 
2 
3 
4 
5 
6 

8 
9 

1 0  
11 
1 2  
13 
14 
1 5  
$6 
t i  
1 8  

- 

J O I N T  
1 

5 
1 

2 
3 
3 
8 
3 
4 
5 
4 
7 
6 
3 
8 
5 
4 
I 
2 

JOINT 
2 

1 
2 
3 
6 
1 
2 
4 
5 
6 
6 
5 
8 
7 
7 
8 

8 
7 

- 
I 

REF 
PO I hlT 

2 
3 
1 
1 

2 

E 

3 
1 
4 
5 
4 
1 
6 
? 
6 
3 

1 

i 

E = . ( 3 6 E + 0 5  ALPHA = 0. 
G = 3 9 S E + 0 7  

TCfSION 
C3YST 

. ' e l € - 0 4  

. *C:E-04 

. * l l E - 0 4  

. 1 4 1 E - 0 4  
'alE-04 

. ! J l E - @ 4  

. ( J l E - 0 4  

. ' . l l E - 0 4  

. ' C l E - 0 4  

. '4lE-04 

. CllE-OS 

. 1 4 l E - 0 4  

. ? 4 1 E - 0 4  

. la'€-04 

. 1 4 l E - 0 6  

. ' 4 l E - 0 4  
! 4 1 5 -94 

. * ~ - ~ - o a  

2 EENDING 
I N E R T I A  

. S33E -C5 
233E-US 
e33E -05 
233E -55 

.333E -05 
e33E -05 

. e33E -35 

. e33E -35 

. @33E -05 

. e?3E -05 

.833E -05  
83?E-05 

.833E -05  

. 8 3 3 € - 0 5  

.833E -05 

. @33E - 0 5  
,933E-05  
. B33E -95 

4 . 3 3 m  
4 . 3 3 3 0  

- l .xC!o 
-4.33f-e 
-4.33cw3 - 1 . cx)Q.2 
-1.ocKe 
- 1 . O x m  

P BENDING 
IPJEQTI A 

e 3 3 ~  -05 
. E33E -05 
-833E -05 
. "  933E-25 
. @73E -05 
. P33E-05 

. 9 3 ? E  -cs 

.833E-C5 

.833E -05 

. 833€-@5 

.833E -05 

.833E 1 5  

.833E -05 

.833E-05  
e33E-05 

.833E -95 

.833E -05 

. e 3 3 ~  -c5 

SHEAR 
FACTOR 

,933  
.833 
.e33 

. A33 

.a33  

.e73 

.a33  
833 

.833 

. e33 

.a33 

.a33 

. ES3 
,833 
.033 
.a33 
83' 

. e33 

Table 5 .  Payload 1 material properties 
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6 

X 

ALL BAR ELDENTS 

p = 0.0025 l b / i n  

E = 10.6 x lo3 

G = 3 . 8 4  x lo6 

A = 0.01 i n  

Jo= 1.67 x 10 i n  

3 

l b / i n 2  

2 
I b / h  

2 

-5 4 

Figure 8 . Payload 2 

110 



JOINT 

1 

3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

OEGREES OF FREEOOM 
TRANSLATION ROTATION 

JOINT OATA USED I N  SUEROUTINE FEMUA 

~~ 

U V 

1 2 
4 5 
7 8 

10 11 
13 14 
16 17 
19 2 0  
22  2 3  
25  26 
28 2 9  
3 1  32  
34 35 

Table 7 .  

GLOBAL CARTESIAN COORDINATES 

Y P 0 R X v 

3 0 0 0 
6 0 0 0 
9 0 0 0 

12 0 0 0 
15 0 0 0 
18 0 0 0 
2 1  0 0 0 
2 4  0 0 0 
27 0 0 0 
30 0 0 0 
33 0 0 0 
3 6  0 0 0 

2 . 5 0 0 0  
2 . 5 0 0 0  
2 . s 0 0 0  

- 2 . 5 0 0 0  
- 2 . 5 0 0 0  
- 2 . 5 0 0 0  
-2.50(?0 
2.5Ooo 

- 2 . 5 0 0 0  
2 . 5 0 0 0  

- 2 . 5 0 0 0  
2 . 5 0 0 0  

O.oo00 
2 .oooo 
4 . 3 3 0 0  
4 . 3 3 0 0  
2.oooo 
O.oo00 

- 4 . 3 3 0 0  
- 4 . 3 3 0 0  
O.oo00 
O.oo00 
2 .oo00 
2 .oo00  

Geometry and degree of freedom table 
for  payload 2 

INPUT O A T A  FOR BAR ELEMENTS 
KODEB = KOOEK = 

MASS = M I  S T I F  = K1 LOAD TRANS = PAV4LT STRESS TRANS = 

ELEMENT 
NUMBER 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
1s 
16 
17 
I 8  
19 
2 0  
21  
22  
23 
24 
25  
2 6  
27 
18 

RO * . 250E-02  

JOINT 
1 

1 
2 
3 
4 
5 
6 
7 
8 
5 

11 
5 
6 
6 
9 
7 
4 

11 
9 
1 
2 
6 
5 
8 

I O  
12 
7 

> 
I I  

JOINT REF 
2 POINT 

2 4 
3 4 
4 2 
5 2 
6 1 
7 1 
8 1 
1 6 

12 2 1 0  3 

2 12 1 

lo 8 

lo 10 9 
8 12 

3 2 
1 2 

1 
12 3 

1 0  
12 1 0  

11 3 
9 11  
1 1 0  
1 12 

3 2 
9 6 

6 
4 5 
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Table 8 .  

E = .106E+05 ALPHA = 0. 
G = .384E+07 

AREA 

.100E-01 

.1ooE-01 

.1OVE-01 

. 1 0 0 E  -0 1 

. 100E-01 

. l o o € - 0 1  

.1ooE-01 

. IOOf-01 

. cOOE-01 

. I o o E - C l  

. l 0 0 E - 0 1  

.loo: -01 
1 0 0 E - 0 1  

. 1 0 0 € - 0 1  

. l o o € - 0 1  . lOOF -0 1 

. 1WE - 0 1  

. lOOE -3 1 

. lnOE - 0 1  
,100E-01  
. 1WE-01  
. $ W E - 0 1  
. lUOE-OI 
. loot: -01 
.loo€ -0 1 
. l X ) t ' - O l  
. ( W E - 0 1  
. lmE-01 

POLAR 
INERT13 

. 167E-04 

. 167E-04 

. 167E-04 . 167E-04 

.167E-04 

. 167E-04 

. 167E-04 

.167E-04  

. 167E-04 

. 167E-04 

. 167E-04 

.167E-04 

. 167E-04 

.167E-04  

. 167E-04 

. 167E-04 

. 167E-04 

. iF7E -04 . 167E-04 . 167E-04 . 167E-04 

. 167E-01 

. 137E-04 

. 167E-04 

. 167E-04 

. 167E-04 

. 167E-04 

. 167E-04 

TORSION 
CONST 

. 141E-04 . 141E-04 

. 141E-04 

. i 4 i E - 0 4  

. 141E-04 
,141E-04  
. 141E-04 
. 14 lE-04  
. 14qE-04 
. 141E-04 
. 141E-04 
. 141E-04 
. 141E-04 
. 141E-04 

141E-04 
. i 41E-04  
. 141E-04 
. 141E-04 
. l 4 l E - 0 4  
. 141E-04 
. 441E-04 
. 141E-04 
. 141E-04 
,141E-04  
. 14 (E -04  
. 141E-04 . 14 1E-04 
. 14!E-04 

Payload 2 material properties 

2 BENDING 
INERT I A 

.833E -05 

.833E-05 

.833E-05 

. 8 3 3 €  -05 

.833E -05 

.833E - 0 5  

.833E -05 

.833E - 0 5  

.833E -05 

.833E -05 

.833E - 0 5  

.833E - 0 5  
,833E-05  
.833E -05 
.833E - 0 5  
.833E - 0 5  
.833E -05 
.033E - 0 5  
.833E -05 
.833E -OS 
.833E -05 
.833E -05 
.833E - 0 5  
.833E -05 
.833E -05 
.833E - 0 5  
.833E - 0 5  
.833E-05  

z 
1 . O W 0  
1 .oooo 
O.oo00 
o.oo00 
1 .oooo 
1 .oooo 
O.oo00 
O.oo00 

- 1 .0000 
- 1 . 0 0 0 0  
-1.oooo 
- 1  .oooo 

V BENDING 
INERTIA 

.833E -05 

.833E -05 

.833E -05 

.833E -05 

.833E -05 

.833E-05  

.833E - 0 5  

.833E -05 

. 833E-05  

.833E -05 

.833E - 0 5  

.833E -05 

.833E - 0 5  

.833E - 0 5  

.833E -05 

.833E - 0 5  

.833E - 0 5  

.833E -05 

.833E -05 

.833E -05 

.833E -OS 

.833E -05 

.833E -05 

.833E - 0 5  

.833E -05 
,833E -05 
.833E - 9 5  
.833E - 0 5  

SHEAR 
FACTOR 

. e 3 3  

. 8 3 3  

. a 3 3  

. a 3 3  

. e 3 3  

.a33  

. a 3 3  

. a 3 3  

. a 3 3  

. a 3 3  

. a 3 3  

. e 3 3  

. e 3 3  

. a 3 3  
, 8 3 3  
. a 3 3  
. a 3 3  
. 8 3 3  
.a33  
. a 3 3  
.e33  
. e33 
.833  
. a 3 3  
.a53 
, 8 3 3  
. a 3 3  
, 8 3 3  
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The i n t e g r a t i o n  was c a r r i e d  ou t  over  0.9 seconds. i .e. STARTT - 0, 
ENDT - 0.9 and DELTAT = 0.01. 

The r e s u l t s  are encouraging. The c o s t  p e r  t i m e  s t e p  i s  equa l  t o  
0.00018 C.U. (C.U. - c o s t  u n i t )  i n  sub rou t ine  ZRESP whereas t h e  c o s t  p e r  
t i m e  s t e p  f o r  t h e  u s u a l  TRSP3 i s  0.00017 C.U. 
of course,  t h a t  t h e  u s u a l  TRSP3 r o u t e  r e q u i r e s  t h e  s o l c t i o n  of a 126 x 
126 eigenvalue problem whlch costs 0.031 C.U. The accuracy of t h e  
response i s  t h e  same f o r  both a proaches.  
r e q u i r e s  on t h e  average 4 . X  lo-% C.U. i n  o r d e r  t o  t r a c k  a maximum and 
minimum load a t  a p a r t i c u l a r  & a t i o n .  
f o r  t h e  convent ional  technique. Again, t h e  maxima and minima compare 
w e l l  w i t h  t h e  va lues  generated by t h e  convent ional  technique.  

It should be recognized, 

The l o a d s  program ZLOADS 

This  compares with 9.X10'6 C.U. 

The theory as presented i n  Chapter I11 was a l s o  app l i ed  t o  t h e  case 

The missile k'as b a s i c a l l y  modeled i n  two p a r t s ,  a n  a f t  and f r o n t  
of t h e  MX missile. Indeed, t h e  method l e n d s  i tself  very w e l l  t o  t h i s  
case.  
and. The number of i n t e r f a c e  dofs .  i s  6 being t h e  i d e a l  number f o r  t h i s  
i n t e g r a t i o n  technique. Also, a re spec tab le  number of load cases must be 
evaluated.  I n  p a r t i c u l a r ,  s e v e r a l  payload c o n f i g u r a t i o n s  have t o  be 
i n v e s t i g a t e d .  The convent ional  technique r e q u i r e s  a new system 
eigenvalue problem f o r  every new c o n f i g u r a t i o n  of t h e  Reentry Vehicles.  
Th i s  undertaking was conceived as a ;a ra l le l  e f f o r t  t o  t he  r e g u l a r  
techniques.  Again, t h e  r e s u l t s  were encouraging. It should be noted 
t h a t  damping was included,  r e s u l t i n g  i n  s l i g h t l y  d i f f e r e n t  r e s u l t s  f o r  
t h e  loads  (diFference .< 0.2%). This  can be a t t r i b u t e d  t o  t h e  d i f f e r e n c e  
i n  handling the  modal damping- The model c o n s i s t e d  of a 261 degree of frcc- 
don payload model and a 92 degree of freedom boos te r  model.  A cut-off  
Frequency of 50 Hz was chosen, r e s u l t i n g  i n  a coupled boosterfpayload 
model con ta in ing  27 c a n t i l e v e r e d  boos te r  modes and 55 c a n t i l e v e r e d  payload 
modes. 
sytem. 

The e n t i r e  a n a l y s i s  was performed on t h e  VAX/VMS-11/780 computer 

Another rea l i s t ic  sample p rob lea  i s  g iven  by t h e  Space Transpor t a t ion  
System/Space Te1escope;OMS K i t  s t r u c t u r e .  F igu re  9 r e p r e s e n t s  t h e  
Space Telescope. 

The payload f o r  t h e  Space Telescope (S.T.) mission c o n s i s t s  of two 
cargo elements:  ( 1 )  t h e  Space Telescope and ( 2 )  t h e  OMS K i t .  These two 
s t r u c t u r e s  are coupled t o  the  Space Transpor t a t ion  System (S.T.S.). 
Together,  t h e s e  t h r e e  s t r u c t u r e s  form t h e  l i f t  off  sys tem.  
i t s e l f  is a modal s y n t h e s i s  of t h e  System Support Module (S.S.M.) and the  
O r b i t a l  Telescope Assembly (O.T.A.) u s ing  i n t e r f a c e  r e s t r a i n e d  modes. A 
f r e e  S.T. mass and s t l f f n e s s  ma t r ix  of s i z e  214 x 214 was formed and 175 
c a n t i l e v e r e d  mode shapes and f r equenc ie s  c a l c u l a t e d .  There are 6 
i n t e r f a c e  degrees  of freedom wi th  the  S.T.S. Th i s  means t h a t  t h e  
i n t e r f a c e  is determinate .  

The S.T. 

The OHS K i t  is modeled with 36 degrees  of freedom and has  7 degrees  
of freedom i n  common with the S.T.S. 
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Figure 9 The Space Telescope. 
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The S.T.S. l i f t  off  dynamic model f o r  the hot S.R.B. p r o p e l l a n t  
c o n d i t i o n  i s  a g a i n  provided i n  terns of i n t e r f a c e  r e s t r a i n e d  
coord ina te s .  
r e s t r a t n e d  modes and f r e q u e n c i e s  were c a l c u l a t e d .  The S.T.S. i n t e r f a c e  
h a s  30 degrees  of freedom. Th i s  means t h e r e  a r e  30-7-6 - 2c1 supe r f luous  
i n t e r f a c e  coord ina te s  on t h e  boos te r  s ide .  

The model has 759 degrees  of f r eedoa  and 300 i n t e r i s c e  

A modal s y n t h e s i s  of  t h e  l i f t  o f f  sys tem (S.T.S. + S.T. + DMS Kit) 
was accomplished through a Craig-Bampton formulat ion and i s  used f o r  
comparison purposes. 
f u n c t i o n  (L07201)  which t u r n s  ou t  t o  be a c r i t i c a l  case f o r  t h e  Space 
Telescope. 

F i n a l l y ,  a l s o  provided was a l i f t  o f f  forc1,lg 

A t  this p o i n t  a l l  necessary d a t a  are a v a i l a b l e  t o  run t h e  s i x  program 
software package. 

The number of boos t e r  r e s t r a i n e d  modes kept i n  t h e  analys. '  : 

NB = 300. S i m i l a r l y  f o r  payloads 1 and 2 we have NP1 7; 175.. 36. 
The i n t e r f a c e  dimensions are I F  = 30, I F 1  = 6, TF2 = 7,  and I ... . 
The number of non-zero a p p l i e d  f o r c e s  on t h e  b o o s t e r  i s  epua i  

' ,? 

1. 

The p o s s i b l e  c o s t  savings occur i n  programs RESPONS and LOADS. For 
t h e  c u r r e n t  S.T.S.-S.T.-OMS K i t  system we consider36 a start  t i m e  equa l  
t o  zero and a n  end time equa l  t o  10 seconds. The i n t e g r a t l o n  s t e p  i s  
e q u a l  t o  0.005 seconds. Furthermore, t h e  v e l o c i t i e 8  and t h e  e l a s t i c  
a c c e l e r a t i o n s  a t  time zero are chosen t o  be zero. 

A CDC/CYBGR 75C was used t o  execute  a l l  programs. I n  t h i s  p a r t i c u l a r  
case, program RESPONS requ i r ed  on t h e  average 0.0015 C.U. ( = r e a l i s t i c  
c o s t  u n i t )  p e r  time s t e p  h. It should be noted t h a t  a phase s h i f t  w a s  
observed i n  t h e  response compared t o  the  convent ional  approach where 
system modes ("model modes") are used. 
Newmark-Chan-Beta numerical  scheme. Th i s  phenomenon is no cause f o r  
concern i f  t h e  on ly  g o a l  i s  t o  a r r i v e  a t  m;lximum and minimum member 
loads.  Although it is hard t o  c o r r e c t l y  compare d i f f e r e n t  techniques,  
t h e  au tho r s  f e e l  t h a t  t h e  c o s t  t o  o b t a i n  t h e  res2onse compares f avorab ly  
even w i t h  the  convent ional  system modes approach where a set of decoupled 
system equa t ions  are solved. The average c o s t  p e r  time s t e p  he re  becomes 
0.0017 C.IJ. 's .  Note that when system modes are used, one has t o  perform 
an a d d i t i o n a l  [+Iy type m u l t i p l i c a t i o n  on t h e  r i g h t  hand-side of t h e  
decoupled equa t ions .  
term c a l c u l a t i o n  than i s  the  case  i n  t h e  p re sen t  scheme. 

This i s  t y p i c a l  f o r  a 

I n  t h i s  ca se  t h i s  r e s u l t s  i n  a mcre expensive f o r c e  

The maximum and  miriimum member loads  obtained from program LOADS are 
a l l  w i t h i n  1% of t h e  corresponding loads  cbidlned from the  convent ional  
approach. The g a i n  i n  program LOADS is p r i m a r i l y  due t o  t h e  f a c t  t h a t  no 
sys tem modes and f r equenc ie s  are involved i n  the  computations. 
a d d i t i o n ,  t h e  term [LT2]j f : :~j t  can be evaluated d i r e c t l y  without 

having t o  write xIj[ in terms of a c c e l e r a t i o n s  and app l i ed  f o r c e s  as 
should be done when system modes are used. The average cos t  i n  o r d e r  t o  
t r a c k  t h e  maximum and minimum i m d  a t  a p a r t i c u l a r  s t a t i o n  i s  0.00012 
C.U. which compares wi th  0.90026 C . U . ' s  f o r  t h e  conventior!rl technique. 

In  
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Fina l ly ,  we wish t o  d iscuss  some of the r e s u l t s  obtained f o r  the  
short-cut versions as discussed i n  Chapter I V .  
based on Equation (256) i n  Chapter I V .  
can be wr i t t en  a s  follows: 

We t r i e d  out two schemes 
The actus1 con t ro l  statement used 

where E is a small quant i ty  chosen by the  user.  
the  inequal i ty  represents  a normalized magnitude squared of the  i n t e r f a c e  
acce lera t ion  feedback, TIie f i r s t  scheme checks t h i s  quantit: aga ins t  the  
chosen t2. 
t he  A2 and A3 t-nus i n  Equation (253) are by-passed. 
scheme follows the  phil.osoqhy of a d i recc  base dr ive  approach. 
means that i f  the  inequal is f u l f i l l e d  st time t ,  we assume t h a t  t he  
f e e d b r k  is smali a t  t ha t  time, and R d i r e c t  base dr ive  so lu t ion  is 
generated f o r  that time. I f  the  inequal i ty  is not f u l f i l l e d ,  a coupled 
so lu t ion  is obtained f o r  t h a t  time step.  That means that this short-cut 
vers ic  v a s i l a t e s  between a fu l l - sca le  and a d i r e c t  base d r ive  method. 

The left-hand s ide  of 

I f  the  inequal i ty  is f u l f i l l e d ,  then the  ca lcu la t ions  of 
The second 

This 

The f i r s t  scheme turned out t o  be expensive. The reason f o r  t h i s  is 
t h t  a coupled base motioii technqiue requires  a r a t h e r  s i g n f f i c n n t  qmount 
of bookkeeping . 

The second scheme proved successful  i n  the case where the feedback is 
indeed small. Again, because of t h e  added bookkeeping, i t  is necessary 
that the€- inequal i ty  is indeed f u l f i l l e d  p a r t  of the t i m e ,  because 
otherwise the method becomes more expensive. It is a l s o  I a l i z e d  that 
more research and checking is necessary before a flnal-judgement can be 
given. Coqared t o  the  ZlEtiP rout ine,  the second short-cut vers ion 
v a s i l a t e s  anywhere between 40% slower (coupling a t  a l l  t imes) and 30% 
f a s t e r  (no coupling a t  a l l ) .  

It should be noted t h a t  ZRESP ( f u l l y  coupled) is already ,&thin the 
realm of reasonable cos t  and addi t iona l  cos t  reduction, although 
possible ,  may complicate mat ters  too much. 
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CPAPTER V : CONCLUSIONS AND SUGGESTIONS 

1. I n t r o d u c t i o n  

I n  Chapter  I-A we reviewed and a s s e s s e d  a set of " f u l l - s c a l e "  
methodologies .  Thi s a l lowed u s  t o  i n t r o d u c e  t h e  n e c e s s a r y  background 
material i n  terms of  a u n i f i e d  nomenclature .  A l l  t h e s e  methods have 
t h e i r  merits. However, t h e  Rasidi:;1 Mass and S t i f f n e s s  Method a p p e a r s  t o  
y i e l d  the most a c c u r a t e  r e s u l t s .  It is t h e  approach  which best d e s c r i b e s  
t h e  b o o s t e r  stnrctcre i n  terms of a minimum number o f  modes, g i v e n  a 
c e r t a i n  cu t -o f f  f requency  f o r  t h e  e x t e r n a l l y  a p p l i e d  f o r c e  c~j .  The 
f a c t  t h a t  no payload i n f o r m a t i o n  i s  r e q u i r e d  t o  o b t a i n  t h e  oe t e r  model 
is a very  convenient  f e a t u r e  i n  connec t ion  w i t h  t h e  p r e s e n t  s t u d y .  
The re fo re ,  t h e  same booa te r  model c a n  be used a s  l o n g  a s  t h e  b o o s t e r  d o e s  
not  change. 

I n  C . p t e r  I-B s e v e r a l  sho r t - cu t  methods have been d i s c u s s e d  and 
e v a l q ~ a t e d .  Although e a c h  of t h e s e  methods h a s  i t s  own merits, i t  i s  
be l ieved  t h a t  none of t h e .  i s  a c c e p t a b l e  i n  t h e i r  p r e s e n t  s t a g e  o f  
development t o  f u n c t i o n  a s  a s t a n d a r d  s h o r t - c u t  method f o r  g e n e r a l  use .  
In f a c t ,  i t  would be very hard t o  deve lop  an  " u l t i m a t e "  short-c.ut  
method. The main reason  f o r  t h i s  may be t h e  m u l t i t u d e  o f  d i f f e r e n t  
s i t u a t i o n s  such  a method w o d d  have t o  accommodate . 

In n a p t e r  I1 we a t t empted  t h e  development of  a f u l l - s c a l e  numer ica l  
i n t e g r a t i o n  scheme t o  o b t a i n  t h e  response  of  a Loos te r /pey load( s )  
system. I t  is  f e l t  t h a t  u n d e r  t h e  r i g h t  c i r c u m s t a n c e s  t h i s  method c a n  be 
of c e r t a i n  value.  

A s h o r t  c u t  Vnrsion of t h e  above numer ica l  scheme was developed  i n  

ep led  base mot?on approach  and a d i r e c t  base d r i v e  method. It is hoped. 
Chapter  111. The method i s  des igned  t o  v a s i l a t e  between a f u l l - u p  

t h a t  t h i s  t echn ique  w i l l  have t h e  c h a r a c t e r i s t i c s  of b o t h  methode, i .e.,  
t h e  accuracy  of  t h e  coupled base motion t echn ique  and the speed  of a 
d i r e c t  base d r i v e .  

In  Chapter  I V  we  d i s c u s s  t h e  implementa t ion  and programming of  the 
above ae thods .  
s e v e r a l  sample problems. 

A s o f t w a r e  package was developed and checked o u t  on 

I n  t h e  reuiainder of  t h i s  l a s t  c h a p t e r  we s h a l l  d i s c u s s  a feu other 
s u g g e s t i o n s  f o r  p o s s i b l e  s h o r t - c u t  approaches .  
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An ararrtlwed I n  Chapter  I - A ,  t h e  payload d e a i y n e r  i s  p r i m a r i l y  
i n t e r o u t a d  I n  the renponue ut t h e  payload t , e , ,  

w l t  I\ 

(261)  



.. 
O r , i i n a r i \ v r  the  c o e f f i c i e n t  matrix of \xy] i n  Equation (262) i a  

anal l  and cannot hrp t;:nlrreJ A f l r a t  possibility i s  to asaume that 
i u  umall and can be tgnurcd. 
i8 not important, This ern be a w r l i a t i c  asrumptiotc bacrusa the payload 
i r  usual1 amall compared t o  the b o a t e r .  In t h i o  caae we can completrly 

Thie marno that the feedback of the 

ignore$% *.A? f i n  Equation (2S8) and wrlra 
r 

Equation (263)  i s  now e f f e c t i v e l y  dacouplad fr ,m Equation, ( 2 5 7 )  and 
(2S9) .  Physically, ignoring the feedback of  the payload mema that 
payload and hoostcsr itre not modally coupled. Equation (263)  is the 
d i r e c t  base drive equation. 

Indeed, let U A  aastime a f u l l - a c a l e  s o l u t i o n  is a v J l r b l a  for  a0110 payload 
P I .  
generate payload. P.  
d l f  farent fromi,$? 1 ,e.,  

Z&a 
A recond p o o s i b i l i t y  f a  t o  scala the v e c t a r g  i n  Equation ( 2 6 2 ) .  

Now, 8ome relat ively emall chnftes are made i n  the paylo.4 Pi t o  
The asaumptton now, i r  t h a t e l  i 8  Got much 

y :  

or  

Equation ( ? 6 ? )  f a r  paylaad P I  can be written as 

(269) 

Takiw i n t o  account Bqcat inn (264)  i t  fc! ' ..ula f mm Equrt ion9 (266)  
and (262)  that 

' 'rn whtrh y i e l d s  a rcalad value f o r  {Ar 1 to  be used i n  Equattun ( 2 5 8 ) .  
Agaln, one ehould 1nvePtlgate when such an epproia:h f13 va l id .  
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3. Another Poss ib l e  Approach ORIGINAL PAGE 1s 
OF POOR QUALITY 

In  the course of o u r  i n v e s t i g a t i o n  and e v a l u a t i o n  o t  severd 
ahort-cut  methods i t  was noted that many methods invo lve  assulrl;tions and 
approximations l e a d i n g  t o  either doub t fu l  o r  cumbersome r e s u l t s .  I n  
a d d i t i o n ,  i t  is  o f t e n  very d i f f i c u l t  t o  a s a e s s  t h e  e f f e c t s  of  t h o s e  
assumptions on the response and t h e  l o a d s  of t h e  booster /payload system. 

The  basic problem is t o  somehow d e a l  w i t h  t h e  c o u p l i r y  e f f e c r s  
between boos te r  B and payload P without so lv ing  a n  eigenvalue problem 
p e r t a i n i n g  t o  t h e  coupled booster/payload s y s t e m .  
problem indeed. Each of t h e  short-cut  methods discussed i n  Chapter I-B 
addres ses  this problem i n  a d i f f e r e n t  way. However, t he  proposed 
solutions i n v a r i a b l y  l ead  t o  cumbersome mathematics and program coding. 
Th i s  obse rva t ion  l e d  u s  t o  t h e  development of a more d i r e c t  approach 
which we t h i n k  s h o w s  great promise. 
understand and e a s y  t o  implement. 
and B. D. Haytum 1741. 

T h i s  i s  a d i f f i c u l t  

This new approach is easy  t o  
It i s  besed on t h e  work of C. W. White 

Let us  recall  Equation ( 2 5 )  : 

which r e p r e s e n t s  t h e  set of equa t ions  of motion of t h e  coupled 
booster lpayload system. It is now assumed that a cut-off frequency is 
de f ined  based on a F o u r i e r  series expansion of fc'). 
also assume that e.g. the Residual  Yass and S t i f f n e s s  Method was used t o  
c o n s t r u c t  t h e  fol lowing set  of modally coupled equat ions.  

Furthermore, we 

where 
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and t 

than 
1 *$ 

he cu t -of f  frequency was used t o  letermine the  s i z e  of [&  ] and 
1. In o the r  vords, the s i z e  of Equation ( 2 6 9 )  is already much less 
t h e  sire of Equation ( 2 6 8 ) .  Due t o  e.g. the Residual Mass and 

S t i f f n e s s  Method, the reduced Equation ( 2 6 9 )  s t l l l  represents  an 
acceptable model f o r  the  coupled booster/pajload system. 

The f i r s t  s t e p  of the ptesent  approach is t o  solve the  eigenvalue 
problem associated with Equation ( 2 6 9 ) ,  namely 

2 yie ld ing  a set of modes [ ] and a set of frequencies J 
sat i sf j i n g  

98 

qN 
-9 = I r I b I  

and 

L 2 

where {u) are the new normal coordinates.  
( 2 7 2 )  i n t o  Equation ( 2 6 9 )  and premultiplying by [q]IT and using 
Equations (273-274) we obta in  the  uncoupled s a t  of equations,  

Subs t i tu t ing  trar.sformation 

The modal matrix [VI and the  frequency matrix rAzJ represent  the 
modal information of the  coupled booster/payload system. 
t o  change the  payload and c a l c u l a t e  t he  changes i n  [w and nzJ. 
other  words, we vse the  fu l l - sca le  so lu t ion  of Equation ( 2 6 9 )  as a 
"s tar t -solut ion".  This approach i s  teken i n  most short-cut methods and 
a s  such does not d e t r a c t  from the  present approach. 
fu l l - sca le  so lu t ion  could be determined a t  the beginning of a design 
effort and would s t a y  the same f o r  a l l  subsequent design cycles  of a 
p a r t i c u l a r  payload. 

The idea now i s  
In 

For example, t h i s  
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ORIGIN/& p,n,t?z bs 
L e t  us now consider the new payload PI, with mass matrix [Kpl] 

OF POOR QdkLley 

and s t i f f ~ e e s s  matrix [Mpl]. 
just a aodif icat ion of the nominal payload P, a s  long as we have the same 
denrees of freedom for both payloads P and P I .  

T h i s  payload P 1  could be t o t a l l y  n e w  or 

For this new payload - - 
PI, we replace Equation ( 268) .  

r 

where 

i s  the new transformation matrix and 

i s  the new system displacement vector. 

L e t  us now write Equation (276)  as  followb: 

I 

where 
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Note t h a t  i n  case  t h e  i n t e r f a c e  is s t a t i c a l l y  determinate  
[ ~ B B ]  = [ O ]  and i f  i n  a d d i t i o u  the geometry of t h e  payload is 
changed then [Tpl] = [Tp] and 

not  

Also, note t h a t  i f  no changes a r e  made i n  t h e  mass t h e  r i g h t  hand 
s ides  of Equations ( 2 8 2 )  and (285 -288)  become [ O ]  and s i m i l a r l y ,  i f  no 
s t l f f n e s s  changes a re  made we hcve +rom Equation ( 2 7 7 )  t h a t  
[Tp] - [Tpl]  and consequently Equntions (285-288)  a r e  v a l i d  while 
Equation ( 2 8 9 )  becomes [kpp] - io]  a l though t h e  interfa:e can s t i l l  be 
s t a t i c a l l y  indeterminate .  

Next, l e t  u s  def ine  t h e  following tranoformntion 

12: 



After subst i tut i  Equatlon (290) in to  Equation (279) and 
premultiplying by [A? we obtain the s e t  of equations that now replaces 
the set Equation (269) 

The next s t e p  i s  t o  define the transformation 

The transformation (292) i s  now substituted 1 Equation (291) a f t e r  
which w e  premultiply by [*IT and invoke Froperties (273-274), yielding 
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This  Equation (293) r ep laces  Equat ion (275). For convsnience,  l e t  us 
denote 

Matrices [MI and [kl r ep resen t  t h e  p e r t u r b a t i o n s  i n  t h e  mass and 
s t i f f n e s s  matrices [I] and m2J of system (275) .  
s e v e r a l  obse rva t ions  can be made. F i r s t  i t  should be noted that  i t  i s  
very p o s s i b l e  that certain changes i n  t h e  payload w i l l  only a f f e c t  a 
l i m i t e d  number of modes and f r equenc ie s .  
i n  [WJ and corresponding elements  i n  fdJ w i l l  not  change a f t e r  t h e  
changes i n  t h e  payload are mt?de. Th i s  reduces t h e  s i z e  of Equation 
(293). Secondly, i n  solving t h e  eigenvalue problem a s s o c i a t e d  w i t h  
Equation (293) i t  i s  p o s s i b l e  t o  use a Rayleigh-Ritz approsch w i t h  [IJ as 
t h e  e s t ima ted  s t a r t  modes. 
better estimate rIJ w i l l  be and t h e  less i t e r a t i o n s  w i l l  be necessary t o  
produce t h e  new modes and f r equenc ic s  of t he  per turbed boos te r  B/Payload 
P1 system. An even better s t a r t i n g  set of modes could be t h e  s o l u t i o n  t o  
t h e  per turbed eigenvalue problem w i t h  a l l  o f f - d i a g o n a l  terms equa l  t o  
zero ( t h i s  i s  equ iva len t  t o  t h e  f i r s t  tern i n  a Taylor  series expansion 
of  t h e  per turbed system modes and frequency).  
i n v e s t i g a t e  t h e  p o s s i b i l i t y  of t r u n c a t i n g  modes i n  [cy J according t o  t h e  
i n i t i a l l y  def ined cut-off frequency. 
could be reduced i n  s i z e  by approximately 50% compared t o  t h e  a l r e a d y  
reduced system Equation (269). 
t h e  one due t o  unaffected modes as mentioned above. However, t h i s  
q u e s t i o n  must s t i l l  be c a r e f u l l y  i n v e s t i g a t e d .  F i n a l l y ,  i t  i s  a l s o  
p o s s i b l e  that t h e  modes are grouped i n  s u b s e t s  which show very l i t t l e  o r  
no coupl ing between each  o t h e r .  
a s s o c i a t e d  w,th Equation (293) can be replaced by two o r  more smaller 
eigenvalue problemb, which of  cour se  reduces t h e  computation time. 

A t  this p o i n t ,  

Th i s  means t h a t  s e v e r a l  columns 

The smaller t h e  changes i n  t h e  payload t h e  

Th i rd ly ,  we wish t o  

If t h i s  was p o s s i b l e  Equation (293) 

This r educ t ion  would be i n  a d d i t i o n  t o  

T h i s  means t h a t  t h e  eigenvalue problem 

There are a d d i t i o n a l  advantages t o  t h i s  method: s i m p l i c i t y  of use;  
accuracy of r e s u l t s  (e.g., t n i s  method could even be used as  a f u l l - s c a l e  
method) ; p o s s i b i l i t y  of using engineer ing judgement and experience;  t h e  
p o s s i b i l i t y  t o  i d e n t i f y  changes required t o  meet c e r t a i n  frequency 
requirements;  t he  p o s s i b i l i t y  t o  chawe bran rh f requenc ie s  t o  decouple the  
load problem l e a d i n g  t o  smaller eigenvalue problems, t h e  p o t e n t i a l  f o r  
s i g n i f i c a n t  computational time savings.  
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